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Abstract

The foremost objective of this study was to develop a novel nano combination therapy
of antidiabetic drug glyburide (Gly) with a natural product vanillic acid (VA) using an
amphiphilic block copolymer-surfactant system i.e., polyethylene glycol methyl ether-
block-polycaprolactone (mPEG-b-PCL) and cetyl trimethyl ammonium bromide
(CTAB) for the effective management of type 2 diabetes mellitus (T2DM). The
copolymer mPEG-b-PCL was selected due to its self-assembly property into micellar
configuration upon addition in water above their critical micelle concentration (CMC)
value. The mPEG block forms the corona and the PCL block forms the core that results
in the formation of amphiphilic polymeric micelles (APMs). While the CTAB was used

as a steric stabilizer in the formulation for good dispersity of the particles.

The aim of the research work conducted was to optimize the design of amphiphilic
polymeric micelles (APMs) for the oral co-delivery of Gly and VA to improve their
therapeutic benefits and to limit the common shortcomings related with present drug

regimens i.e., their side effects, complexity or recurrent dosing.

The APMs co-loaded with Gly and VA (GV-APMs) was developed using the liquid
antisolvent precipitation (LAP) method and the composition of the developed APMs
was optimized using Box Behnken Design (BBD) in the design of expert (DoE 2.0)
software by taking various process/formulation based variables to achieve the desired
micellar traits. This includes drug to copolymer, drug to surfactant and solvent to
antisolvent ratio. Total of 17 batches of APMs was developed from such variables and
was characterized to determine the responses such as particle size, entrapment
efficiency (EE), zeta potential and polydispersity index (PDI) respectively. The set of
data obtained was statistically analysed using DoE tools such as the sequential model
sum of squares, model summary statistics and Analysis of variance (ANOVA). Such
tools were applied to compare the models, interaction among the variables, variation in
each response, and significant differences between the runs. The final polynomial

equations obtained for each response by DoE software revealed a quadratic design.

Furthermore, the Box behnken design (BBD) was used to optimize the developed
formulation using design expert software (DoE) which provided particle size (R1) in
the range of 31.8-57.4 nm, EE of VA (R2) in the range of 90.3-100.0, EE of Gly (R3)
in the range of 98.8-100.0, zeta potential (R4) in the range of 15.3-30.5, and PDI (R5)
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in the range of 0.256-0.405 respectively. The predicted values obtained through BBD
were used to develop the optimized batch of the GV-APMs. The particle size, EE (VA),
EE (Gly), zeta potential, and PDI of the optimized GV-APMs were found to be
46.82+2.1 nm, 93.4+0.15% (VA), 97.9+0.24% (Gly), 12.5+3.1 mV, and 0.281+0.2
respectively. The TEM images revealed the spherical shape of the developed APMs
with a smooth surface and an average particle size of 34.3 nm. TEM analysis revealed
less particle size in comparison to the DLS particle size analysis. DLS measure the
hydrodynamic particle size; however, the loss of water during TEM analysis can be
credited for a decrease in the particle diameter.

The results of in vitro release study revealed a 1.5- and 1.9-folds, and 1.0-fold increase
in the percentage dissolution of Gly from the GV-APMs than that of the physical
mixture with VA, raw Gly and Gly-APMs. In addition to this, the GV-APMs sustained
the release of VA by 2.9- and 2.4-folds in 2h, and 1.7-folds in 4h than that of the raw
VA, physical mixture with Gly in 2 and 4h respectively. Furthermore, sustained the
release by 1.2-folds than that of the VA-APMs respectively. Gly from the optimized
GV-APMs were predominantly released by zero-order release kinetics and VA by

higuchi release kinetic model with AIC more than 90 respectively.

The in vitro cytotoxicity study of GV-APMs on Caco-2 cells revealed 70% cell viability
in a concentration-dependent manner. The inhibitory concentration (ICso) value of the
raw drugs and their value upon loading in APMs was obtained using Graph pad prism
2.0 software. The ICso value of the raw Gly was found to be 1.42 pug/mL while upon
loading in APMs it was found to be 1.10 pg/mL. In the case of VA, the 1Cso value was
found to be 1.17 pg/mL and 1.03 pg/mL upon its loading in APMs. However, in GV-
APMs the 1Cso value was found to be 0.96 pg/mL. This indicated that both the drugs
are effective at the lowest concentrations in APMs and will exhibit lower systemic

toxicity upon oral administration.

The preventive effects of Gly and VA co-loaded in GV-APMs on glucose uptake was
studied in insulin-responsive human HepG2 cells treated with high glucose. The co-
loading of both the drugs in optimized GV-APMs exhibited synergistic glucose-
lowering activity (p<0.001) than raw drugs with low cytotoxicity on HepG2 cells within

the test concentration. This could be attributed to an increase in the relative oral
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bioavailability of both the drugs in GV-APMs i.e., 868% for Gly and 87% for VA

respectively.

In agreement with this, the results of the pharmacokinetic study revealed an increase in
the area under the curve (AUC,..) of Gly co-loaded in GV-APMs by 1362.8-,840.7-and
3.5-folds than that of the raw Gly, physical mixture with VA, and Gly-APMs
respectively. While the (AUC,...) of VA co-loaded in GV-APMs was increased by 10.7-
, 2.8- and 1.3-folds than that of raw VA, physical mixture with Gly and VA-APMs
respectively. In addition to this, the pharmacodynamics study carried out for 48 days
using high fat diet (HFD) and low dose of streptozotocin (STZ) model indicated
improved therapeutic efficacy (p<0.05) of the developed formulation i.e., GV-APMs
(G11 and G12) in a dose-dependent manner pertaining to blood glucose levels (BGLS),
lipid profile, hepatic and renal markers, serum inflammatory markers, and pancreatic

oxidative stress with respect to raw drugs and their physical mixture respectively.

The results of histopathological study achieved for GV-APMs (G11 and G12) were
found to be in a positive co-relation with the biochemical changes obtained. The
treatment with GV-APMs in diabetic rats for 28 days ameliorated the vacuolar
degeneration and vascular congestion of pancreatic islets cells, and hepatic steatosis
(fatty liver) as a measure of increased number of viable cells observed. In contrast the
rats of experimental control group (G2) showed extreme fat deposition in hepatic cells
(higher steatosis) in liver of diabetic rats, higher vascular congestion and vacuolar
degeneration in pancreas as a measure of reduced number of viable cells. Thus, the
designed formulation i.e., APMSs containing a natural product VA and a synthetic drug

Gly co-loaded in the micellar core have potential to improve T2DM in future.
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Chapter 1

1.0 Introduction

Diabetes mellitus (DM) is a commonly occurring metabolic disease with a higher
prevalence rate globally [1]. The increasing economic burden of DM is a major concern
in healthcare worldwide. In recent years it has become a common cause of mortality in
the past few years and the overall number of diabetics is expected to be increased by
700 million globally by 2045 [2,3]. There are four forms of DM i.e., type 1, type 2, pre-
diabetes, and gestational diabetes. Amongst these, type 1 and type 2 account for more
than 90-95% of the diagnosed forms worldwide with type 2 being the most protuberant
one reaching 80-85% of total diabetes [4].

The existing treatment strategies including oral hypoglycemic drugs and life-long
insulin therapy provides tight control of glycosylated haemoglobin (HbAlc < 7.0 %)
levels in DM patients [5]. However, poor oral bioavailability, susceptibility for
enzymatic degradation, and immediate release profile of potent anti-diabetic drugs
increase the severity of side effects and poor patient compliance in long run [6-9].
Overall, these limitations make these therapies ineffective to maintain glucose
homeostasis and urge the need for frequent dosing in DM patients.

Therefore, treatment of type 2 DM (T2DM) is not only limited by the drug’s efficacy
but also due to its adverse effect profile. These include hepatoxicity and GIT
disturbances (biguanide, a-glucosidase inhibitors, thiazolidinediones, glucagon-like-
peptide-1), hypoglycemia, weight gain, and incidence of cancer (sulfonylurea and
meglitinides), GIT disturbances (a-glucosidase inhibitors), congestive heart failure,
bladder cancer (thiazolidinediones), acute pancreatitis (glucagon-like-peptide-1, DPP-
IV inhibitors), nasopharyngitis and upper respiratory infections (DPP-1V inhibitors),
and genitourinary tract infection (SGLT2 inhibitors) [10].

Amongst the various oral anti-hyperglycaemic agents, sulfonylureas are widely
prescribed by physicians to manage increased blood glucose levels. These are the first
oral antihyperglycemic drugs approved by FDA in 1958 to treat type || DM. These are
insulin secretagogues whose effect is dependent on the functioning of B-cells in
pancreatic islets via which these drugs control hyperglycaemia [11]. Glyburide (Gly) is
a potential second-generation, longer-acting sulfonylurea that is widely prescribed due
to its lower risk of cardiovascular complications than first-generation sulfonylureas
[11]. Gly reduces glycated haemoglobin levels by 1.5-2% in T2DM patients [12].
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Generally, the oral antihyperglycemic drugs that are rapidly absorbed by the
gastrointestinal tract (GIT) are required to prevent a sudden increase in blood glucose
levels after food ingestion in T2DM. However, the poor oral bioavailability of Gly due
to its poor dissolution via GIT impedes its clinical performance. It is also associated
with higher hypoglycemic episodes i.e., by 80% than other sulfonylureas with a
maximum of 20 mg daily dose [12]. It is mostly used in combination with metformin
to achieve a glycated haemoglobin target (<7%). However, their administration, in the
long run, increases the risk of cardiovascular events more than the Gly monotherapy
[13]. Therefore, there is a need to develop an effective and safe combination therapy of
Gly for diabetics. Hence, co-administration of natural antioxidants with improved
toxicity profiles could be a suitable alternative option in increasing the therapeutic
efficacy of Gly.

Vanillic acid (VA) is a phenolic compound that is obtained from the roots of Angelica
sinensis plant. It is the oxidized product of vanillin. It is popular as a flavouring agent
in various food industries [14]. Its natural antioxidant property caught the attention of
various scientists to treat several human diseases. Several studies claimed the potential
of VA in treating cancer, depression, Alzheimer’s, inflammatory diseases,
cardiovascular diseases, obesity, insulin resistance etc [14-18]. However, its rapid
elimination from the systemic circulation limits its oral bioavailability, which is a great
challenge for oral formulation development [14].

The amphiphilic polymeric micelles (APMs) formed from amphiphilic block
copolymers are excellent candidates for entrapping multiple lipophilic drugs in their
hydrophobic core [19]. This contributes to the release of loaded drugs from the core in
a controlled manner. Further, the hydrophilic corona confers aqueous solubility upon
exposure to the aqueous environment of GIT. Polyethylene glycol monomethyl ether-
block-polycaprolactone (MPEG-b-PCL) is a diblock amphiphilic block copolymer
(ABC) that self-assembles into nanoparticles with core-corona supramolecular
configuration: PCL forms the core and mPEG forms the corona [20]. Entrapment of
Gly and VA in mPEG-b-PCL APMs will possibly improve the constancy, higher
absorption from GIT, systemic distribution of drugs and release drugs at sustained time
intervals [21]. This could overcome the rapid absorption and elimination related
challenges of VA as well maintain the residence time of both the drugs in systemic

circulations leading to sustained glycaemic control in the body [22]. In addition, this
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combination therapy via APMs as a nanocarrier could reduce the dosing frequency of
Gly owing to its sustained release from the APMs [23].

In the present study, a novel nano-combination therapy of Gly and VA is proposed
composed of ABC and surfactant system i.e., mPEG-b-PCL/Cetyl trimethyl ammonium
bromide (CTAB) system, which self-assembles in APMs. The pharmacology of Gly is
well documented for the management of T2DM i.e., by acting on ATP-sensitive
potassium ion channels on pancreatic B-cells and reported to be a broad-spectrum ATP-
binding cassette transporter inhibitor. In addition to this, Gly exhibits protective effects
against inflammation by inhibiting sulfonylureas receptor 1 (Surl)- transient receptor
potential melastatin 4 channels by directly binding the Surl subunit [24].

On the other hand, several studies have demonstrated the role of VA in ameliorating
obesity conditions by reducing lipid and inflammatory markers. Further studies also
indicated the potential for its use in obesity-associated hepatic insulin resistance [17].
VA'’s treatment in high-fat diet (HFD) fed rats are reported to ameliorate the hepatic
insulin resistance by increasing the expression of the insulin receptor, phosphoinositide
3-kinase (PI3K) and glucose transporter 2 (GLUT-2) protein [25]. Furthermore, it
claimed to down-regulate the expression of cyclooxygenase 2 (COX-2) and monocyte
chemoattractant protein-1 (MCP-1) in HFD fed rats [17]. It also increased the hepatic
phosphorylated acetyl CoA carboxylase (ACC) protein expression with reduced hepatic
non-esterified fatty acid (NEFA) levels [17]. In addition, VA is reported to exert anti-
obesity effect by stimulating AMP-activated protein kinase-a (AMPK-a) and
thermogenesis in obese rodents, anti-inflammatory effect by inhibiting nuclear factor
kappa-light-chain-enhancer of activated B cells (NFkB) p65 activation and antioxidant
effect by induction of nuclear factor erythroid 2—-related factor 2 (Nrf2) [18,26]. Despite
such beneficial outcomes, the therapeutic potential of VA has been less explored. Till
now its combination has been explored with thiazolidinedione’s (TZD) in adipocyte
cell line study, which indicated additive pharmacological interaction [27]. Further, in
vivo studies are required to study the pharmacokinetics and pharmacological interaction
between two drugs. With the aforementioned objectives, the present state of the art is
being proposed to develop a novel combination containing Gly and VA co-loaded in
APMs formed from mPEG-b-PCL/CTAB system for the effective management of
T2DM.
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2.0 Diabetes Mellitus

DM is a chronic metabolic disease characterized by hyperglycemia owing to lack of
insulin production or non-responsive insulin signal transduction. There are four forms
of DM i.e., type 1, type 2, pre-diabetes, and gestational diabetes [3]. Amongst these,
type 1 and type 2 account for more than 90-95% of the diagnosed forms worldwide
with type 2 being the most protuberant one reaching 80-85% of total diabetes [2,28].
2.1 Type 2 diabetes mellitus

T2DM can be characterized by insulin resistance and variable insulin secretion that is
associated with increased blood glucose levels and glucotoxicity. The number of
diabetics globally is expected to reach 642 million by 2040 [2]. Increased body mass
index (BMI) or obesity is found to be in strong association with many
pathophysiological conditions, notably T2DM, as both share insulin resistance. Obese
individuals can be up to 80 times more likely to develop T2DM in comparison to
individuals with body mass index (BMI)< 22 [29,30]. Therapeutic targets include tight
control of glycosylated hemoglobin (HbAlc < 7.0 %) levels, to prevent long-term
complications and mortality [2]. In case of obesity (BMI>27 for Asian countries, or
BMI>30 in the Western world), medications are recommended, and it is a prerequisite
to review the weight gain or weight loss effect of antidiabetic medications before
prescribing.

A minimum 5% weight loss in obese T2DM patients is desired, and if the goal is not
attained, alternative medication with good efficacy and reduced risk of hypoglycemia
should be considered [31]. Weight reduction in overweight and obese individuals could
help in improving insulin sensitivity, as well as attenuating the risk of metabolic and

cardiovascular complications [30].

2.2 Pathogenesis of T2DM

Various factors play a significant role in the development and progression of this
chronic metabolic disease, the most prevalent being oxidative stress and the generation
of inflammatory responses, especially through Interleukin-6 and tumor necrosis factor-
o (TNF-a) [32].

2.2.1 Oxidative stress

Oxidative stress originates from an increase in the generation of reactive oxygen species
(ROS) through an altered redox balance in the mitochondria. This condition leads, in

the majority of cases, to the destruction of pancreatic p-cells alongside an increased
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prevalence of other vascular complications [33]. Poorly controlled hyperglycaemia in
DM patients increases the risk of oxidative stress because of the activation of certain
pathways suppressing the defence mechanisms of antioxidant enzymes, including the
polyol pathway, the activation of protein kinase C and the overactivity of the
hexosamine pathway [34]. The activation of the polyol pathway results in an increase
in enzymatic glucose conversion to polyalcohol sorbitol, which ultimately reduces
intracellular NADPH and glutathione concentrations. The activation of protein kinase
C inhibits the insulin-stimulated endothelial Nitric Oxide Synthase (eNOS) expression
in endothelial cells, decreasing nitric oxide production in smooth muscle cells, as well
as an increase in the activation of nuclear redox-sensitive transcription factor B (NF-
kB), stimulating the generation of pro-inflammatory cytokines. Additionally,
hyperglycemia impairs the activation of the insulin receptor substrate
(IRS)/phosphatidylinositol 3-kinase (P13-K)/Akt pathway, resulting in the deregulation
of eNOS activity [32,35]. Therefore, this oxidative stress is associated with the
overproduction of pro-inflammatory cytokines and chemokines, which have a
significant impact on the correct B-cell function.

2.2.2 Inflammation

Lifestyle choices were reported to have a strong impact on the development of insulin
resistance where chronic inflammation due to obesity is a critical factor. Obesity causes
an increase in lipid synthesis, activating the essential enzyme acetyl CoA carboxylase
(ACC) by dephosphorylation, leading to the transformation of acetyl CoA to malonyl
CoA via carboxylation [17]. An increase in the phosphorylation of ACC reduces non-
esterified fatty acid (NEFA) deposition in the peripheral tissue, including the liver. The
excessive formation of NEFA inhibits insulin signalling and causes hepatic
inflammation potentially leading to the development of T2DM. A higher concentration
of NEFA is reported to be associated with an increase in the expression of
cyclooxygenase-2 (COX-2) and the monocyte chemoattractant protein-1 (MCP-1) in
the hepatocytes [36].

In addition to this, the release of pro-inflammatory cytokines (TNF-a, and IL-6) in
patients with adiposis not only affects the liver and adipose tissues but also acts on the
pancreas and skeletal muscles. In obese people, the increased level of TNF-a is strongly
linked with hyperinsulinemia, which is an indication of insulin resistance in peripheral
tissues. Its mechanism involves the activation of stress-related protein kinesis, such as
inhibitor kappa beta kinase beta (IKKf), Jun N-terminal kinase (JNK) and the NF-xB
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pathway. Moreover, the production of TNF-a causes apoptosis of pancreatic islets
[32,37]. Similarly, IL-6 also induces insulin resistance in peripheral tissues, pancreatic
apoptosis, and the expression of a suppressor of the cytokine signalling 3 (SOCS-3)
pathway, which inhibits insulin signalling. IL-6 receptors are linked to the family of
cytokine class | receptors, involving Janus kinases/signal transducers and activators of
transcription (JAK/STAT) pathways. Activation of JAK induces STAT
phosphorylation, dimerization and translocation to the nucleus, regulating the target
gene transcription. Therefore, 1L-6 impairs phosphorylation of the insulin receptor and
the insulin receptor substrate-1 [32,38].

2.2.3 Islet amyloidogenesis

Amyloidosis is a localized condition that occurs in a specific organ associated with
ageing or age-related diseases, such as Alzheimer’s disease and T2DM. The islet
amyloid in the pancreatic islets has been detected in 50-90% of patients with T2DM,
with a significantly lower percentage in non-diabetic age-matched controls. Insulin
amyloid polypeptide (IAPP) and insulin are co-secreted from the same B-cell granules
and the production of these two Bcell-specific hormones is co-regulated through Bcell-
specific regulatory elements in the promoter regions of the encoding genes [39]. To
meet the increased demand for insulin under insulin resistance conditions, B-cells
increase the production of both insulin and IAPP. The increased concentration of IAPP
promotes aggregation and fibril formation, thus causing islet amyloidosis from |APP.
Islet amyloidosis (soluble oligomers) can then induce the apoptosis of pancreatic $-cells
by membrane destabilization [40,41].

2.3 Biological targets

The biological targets, which are commonly involved in the pathogenesis of T2DM,
include toll like receptors (TLRs) [42], glucagon receptor [43], orphan G protein-
coupled receptor-21 (GPR21) [44], free fatty acid receptor 1 (FFAR1) [43], protein
tyrosine phosphatase 1B (PTP1B) [43,45], prolyl hydroxylase domain enzyme (PHD),
Kelch like ECH associated protein 1/ nuclear factor erythroid 2-related factor (Keap-
1/Nrf2) [46] and histone deacetylase 3 (HDAC3) [47]. The drugs acting on these novel
targets would be an efficient approach for the successful control of blood glucose levels.
A brief overview on the novel targets and some of the studies pertaining to these are

mentioned in Table 2.1.
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Table 2.1: Table enlisting the potential role of stated targets for managing T2DM and its associated

comorbidities

Receptors

Inference

References

TLR2

TLR4

TLR4

Glucagon

receptor

GPR21

FFARL/GPR40

FFARL/GPR40

PTP1B

PTP1B

PTP1B

PHD enzyme

PHD enzyme

Keapl/Nrf2

Keapl/Nrf2

HDAC3

In in vivo study, anti-TLR2 monoclonal antibody (TLR2 mAb) 0.5
mg improved fasting blood glucose levels and inflammatory
response

In in vivo study, cyclohexene derivative (CLI-095) 1 mg/ml
inhibited TLR4 signalling, reduced the CD4+ T lymphocyte
activation, infiltrative insulitis and onset of spontaneous diabetes

In in vitro study, extracellular vesicles containing microRNA-26a-
5p ameliorated the symptoms of diabetic neuropathy by inhibiting
TLR4 and NF-kB pathway

A phase 2 clinical trial of glucagon receptor antagonist RVT-1502
15 mg in T2DM patients with good safety profile reduced
glycosylated haemoglobin levels (p<0.001) with respect to placebo
In silico, screening studies revealed improved insulin signalling in
HEK?293 cells overexpressing the orphan receptor with higher
binding affinity

In diabetic rats, MR1704 (potent, highly selective and orally
bioavailable agonist) at dose 10 mg/kg improved glucose
homeostasis (p<0.01) with respect to control without risk of
hypoglycaemia and pancreatic toxicity

In in vivo study, vincamine at dose 30 mg/kg enhanced glucose-
stimulated insulin release and decreased serum sugar levels
(p<0.001) in comparison to control

In in vitro study on human HepG2 cells, honeydew extracts (ICso 12
pML/mL) inhibited PTP1B activity, increased the transcription of
genes expressing for insulin receptor and glucose uptake

In in vivo study, uncharged bromophenol derivative (potent PTP1B
inhibitor) 100 mg/kg enhanced insulin sensitivity and protected mice
from obesity without any toxicity

In in vitro enzymatic assay, lobeglitazone (ICsp 42.8 pM)
moderately inhibited PTP1B activity and exhibited a reversible non-
competitive type of inhibition

In vivo study of pan-PHD inhibitor compound at dose 3 mg/kg in
C57BL6 mice exhibited good glucose control by increasing liver
insulin sensitivity via hepatic HIF-2a-dependent regulation

In in vivo study, enarodustat (PHD inhibitor) 0.05 mg/g reduced
blood glucose levels, body weight (body wt.) and showed
renoprotective effects

Ininvivo study, curcumin 50 mg/kg inhibited Keapl expression and
activated Nrf2 system in HFD-fed mice, improved insulin
sensitivity, redox homeostasis and inhibited inflammatory signalling
In in vitro study, polypodiside 10 puM inhibited free radical
generation and deposition of glomerular meangial cells under high-
glucose conditions by acting as a Keapl-dependent Nrf2 activator
Indicated potential to treat microvascular complications

In in vivo study, RGFP966 10 mg/kg reduced the transendothelial
permeability and downregulated the junction proteins in mice by
HDAC3 inhibition-mediated miR-200a/Keapl/Nrf2 signalling
pathway
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HDAC3 In in vivo study, RGFP966 10 mg/kg reduced the endothelial injury [47]
under T2DM condition by HDAC3 inhibition-mediated Keapl-
Nrf2—Nox4 signalling pathway
Abbreviations: TLR, Toll like receptor; GPR21, G-protein receptor 21; FFARL, Free fatty acid
receptorl; PTP1B, Protein tyrosine phosphatase 1B; PHD, Prolyl hydroxylase domain; Keapl/Nrf2,
Kelch like ECH associated protein 1/ nuclear factor erythroid 2-related factor; HDAC3, Histone
deacetylase 3

2.3.1 Toll like receptors

These receptors (TLRs) plays essential role in the generation of innate immune
responses [62]. TLRs are composed of ectodomain with leucine-rich repeats, which
mediates recognition of pathogen-associated molecular pattern, a transmembrane
domain and a cytoplasmic Toll/IL-1 receptor domain, which stimulates downstream
signalling cascades [62]. These receptors are of two types depending on to their locality
i.e., cell-surface TLRs and intracellular TLRs. Cell-surface TLRs (i.e., TLR-2 and 4)
are the important mediators of insulin resistance and its comorbidities [63]. Notably,
TLR-2 and 4 are found on many insulin sensitive cells such as, liver, adipose tissue,
skeletal muscles, brain, pancreatic B cells and vasculature [63,64]. Their activation
induces inflammation associated insulin resistance in obese states [63]. Elevated levels
of exogenous ligands (i.e., dietary fat) and endogenous ligands (i.e., free fat) in obesity,
stimulates activation of these receptors [63].

The TLR-2 activation initiates MAPK and MyD88-dependent pathways [42]. The
activation of MyD88 results in phosphorylation and induction of pro-inflammatory
transcription factors such as IRF3, IRF7, AP-1 and NFkB [42,64]. TLR-4 activation
initiates two signalling pathways, i.e., MyD88/TIRAP, which stimulates IKK, p38,
JNK, AP1 and NFkB, which initiates the expression of pro-inflammatory cytokines.
The second pathway is regulated via TRAM and TRIF, which needs TLR-4 uptake for
cell-entry. This activates IKK, NFkB and IRF-3, which activates type-1 interferon
genes [63]. Such cascades dampen the insulin action directly by inducing inflammatory
cascade and oxidative stress, and indirectly by activating cytokine signalling cascades
with generation of inflammatory and insulin desensitizing factors. Largely, these
pathways inhibit the components of insulin signalling via IRS1 serine phosphorylation
[63].

Several reports have claimed that the elevated gene expression of these TLRs promotes
high glucose-induced catabolic and inflammatory responses in patients with T2DM
[65]. Reyna et al. (2008), reported elevated gene expression of TLR-4 and protein

content in skeletal muscles of obese and T2DM patients.
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This study reported increased TLR-4 driven (IkB/NFxB) signalling in muscles of insulin
resistant patients. Therefore, blocking of TLR-4 signalling can be effective in enhancing
insulin sensitivity in insulin resistant patients [66]. Dasu et al. (2010) reported elevated
MRNA expression levels of TLR-2 and 4, and protein in monocytes of T2DM patients
(p<0.05) with respect to control patients. Ligands such as TLR-2 and 4 such as heat
shock protein 60 and 70; endotoxin, hyaluronan levels, and TLR-MyD88-NFxB
signaling were found elevated in newly diagnosed T2DM patients [67]. Kuo et al.
(2011) reported that the genetically modified obese mice without TLR-2 ameliorated
glucose intolerance and IR despite the administration of fat rich diet. Such effect was
observed because of reduced transcription of genes expressing for inflammatory
cytokines and stimulation of extracellular signal-regulated kinase in liver. This study
indicated that the obese mice without TLR-2 fed with fat rich diet could be resistant
from obesity and adipocyte hypertrophy-induced IR [64].

2.3.2 Glucagon receptor

Glucagon receptor is a G-protein receptor found on plasma membrane and has binding
affinity for glucagon. The activation of this receptor induces gluconeogenesis by
increasing the transcription of glucose 6-phosphatase and phosphoenolpyruvate
carboxykinase enzymes via protein kinase-A pathway. Protein kinase-A also elevates
fructose 1, 6 bisphosphate levels by stimulating the activity of pyruvate kinase, which
inhibits glycolysis. In addition to this, inhibits glycogen synthase, which induces the
conversion of glycogen into glucose-1-phosphate. The overall effect results in increase
hepatic glucose production [68]. With this context, various studies claimed the role of
glucagon receptor in insulin resistance. Conarello et al. (2007), reported that the
targeting of glucagon receptor gene deletion can provide improved plasma glucose
levels and good metabolic control in T2DM patients. In one of the studies, glucagon
knockout mice fed with normal diet exhibited reduced plasma glucose levels,
ameliorated oral and intraperitoneal glucose intolerance in comparison with wild-type
mice. In addition, augmented the GLP-1 (glucagon like peptide-1) levels and induced
resistivity for STZ-induced degeneration of pancreatic [3-cell resulting in TLDM [69].
Similarly, Christensen et al. (2011), using animal models revealed that the blockade of
glucagon receptor reduces glucose and triglycerides (TGs) levels, and increases GLP-1
levels [51]. In contrary to this, Gelling et al. (2009) revealed that the overexpression of
glucagon receptor on pancreatic [ cells can provide protective effect against

hyperglycemia and impaired glucose tolerance (Gelling 2009). In in-vivo study, mice
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overexpressing glucagon receptor on pancreatic B-cells. This exhibited increased
glucose levels (3.9-folds) and insulin levels (50%) in mice in comparison to control.
Moreover, insulin resistance was successfully induced upon administration of high fat
diet in mice overexpressing glucagon receptor and in control to similar extent.
However, severity of fasting blood glucose levels and glucose intolerance was less in
mice overexpressing glucagon receptor with respect to control [70].

2.3.3 G-protein receptor 21

GPR21 claimed to have a significant importance in the development of obesity
associated T2DM. Its increased expression levels have been identified in C57BL/6J
mice [44]. Its highest levels have been identified in hypothalamus, macrophages and
spleen of the diabetic mice [44,71,72]. Overexpression studies on HEK293 cells
revealed that the activation of this receptor increases phosphorylation of JNK, ERK,
p38, and PKC3, which inhibits insulin signaling. However, the influence of GPR21 on
insulin signaling in the presence of serum was found less due to the presence of native
inhibitory ligand in the serum [44]. Homology modelling and ligand docking studies
identified the compound named GRAZ2 as an inverse agonist of GPR21 [44]. With this
agreement, Gardner et al. (2011), in an in vivo study revealed that the GPR21 knockout
mice were resistant to diet-induced obesity (p<0.001) and displayed improved glucose
tolerance (p<0.0001) with reduced inflammatory markers (p<0.01) in comparison to
wild-type mice [72]. Similarly, Osborn et al. (2011), revealed that the deletion of
GPR21 receptor in the HFD-fed mice remarkably reduced the pro-inflammatory gene
expression in the adipocytes and liver (p<0.05), which led to increased insulin
sensitivity [71].

2.3.4 Free fatty acid receptor 1

This receptor (FFAR1) is a G-protein receptor encoded by FFAR1 gene and are highly
expressed in pancreatic islet cells and enteroendocrine cells [73]. Activation of FFAR1
have been suggested to possess potential benefits to treat T2DM by facilitating glucose-
induced insulin release and release of incretin hormones [74]. This receptor is also
known as G-protein-coupled receptor 40 (GPR40). Various studies have claimed their
role in reducing plasma glucose levels [75]. Steneberg et al. (2005), reported divergent
role of FFARI on insulin release from B-cells. In agreement to this, GPR40 deficient 3-
cells released low levels of insulin towards its respective ligand (free fatty acid).
However, deletion of this receptor ameliorated obesity-induced hyperglycaemia,

hyperinsulinemia, glucose intolerance, and hypertriglyceridemia in mice. Therefore,
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this receptor exerts both acute and severe effects on insulin release and its
overexpression is associated with metabolic diseases [76].

Nagasumi et al. (2009), claimed that the transgenic mice with highly activated hGPR40
gene displayed higher production of insulin with respect to hyperglycaemia (p<0.01) in
comparison to nontransgenic mice. In addition, transgenic mice found resistant to HFD-
induced glucose intolerance [77].

2.3.5 Protein tyrosine phosphatase 1B

This protein (PTP1B) is a 435 amino acid protein and is the first enzyme isolated from
human placental tissue. It is mainly localized on the surface of endoplasmic reticulum
[78]. It is the major insulin receptor phosphatase in liver and muscles [79]. It acts as a
negative regulator of insulin action via dephosphorylating the insulin receptor [78]. In
addition, it also acts as a negative regulator of leptin signalling [56]. Therefore, it could
be an ideal target for the prophylaxis of T2DM and obesity [78]. Goldstein, 2001,
reported that the in the genetically modified mice with reduced PTP1B expression
exhibited improved insulin signalling and glucose tolerance. In addition, PTP1B
inhibition helps in reducing storage of triglycerides in fat tissues under HFD treatment
[80].

Similarly, Ramachandran et al. 2003, revealed that PTP1B deficient mice ameliorated
IR with improve glucose levels with respect to wild-type control. In addition to this,
PTP1B deficient mice showed resistivity to HFD-induced obesity, which could be due
to lack of insulin sensitivity in adipocytes. Thus, this study indicated that the deficiency
of PTP1B produces insulin-sensitizing phenotype that could be beneficial to treat
hyperglycemia [78]. Recently, thiazolidinediones derivatives reported as promising
PTP1B inhibitors [56].

2.3.6 Prolyl hydroxylase domain enzyme

Prolyl hydroxylase domain (PHD) have significant importance in the modulation of
hypoxia-induced factor proteins (HIFa), which contributes in balancing glucose and
lipid metabolism in healthy and diabetic patients [81]. However, under hypoxic
environment, this enzyme is suppressed and the stability of HIFa and its protein
expression increases. Several studies have claimed that the expression of HIF-1la
upregulates in adipocytes and liver during obese state that contributes to insulin
resistance. Increased expression of HIF-2a in liver and adipocytes reported to play

protective role against HFD-induced glucose intolerance and inflammation by
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increasing Irs2 expression. Thus, the PHD enzyme can be an ideal therapeutic target to
treat T2DM and diabesity [57]. The inhibition of PHD enzyme in obese mice improved
glucose tolerance and insulin resistance. The underlying mechanism reported for
glucose control is via HIF-2a-dependent increase in Irs2 and cCAMP-specific PDE gene
expression in liver [57].

2.3.7 Nuclear-response factor 2

The oxidative stress long back claimed to be a major perturbing factor in the
development of IR [59]. The oxidative stress under IR conditions is known to be
regulated by Kelch like ECH associated protein 1/ nuclear factor erythroid 2-related
factor (Keapl/Nrf2). Keapl is known to have significant importance in the modulation
of oxidative stress/redox metabolism by interacting with Nrf2 [46,82]. Keapl targets
Nrf2 for polyubiquitination and degradation by the ubiquitin/proteasome system [59].
It consists of four protein domains and encoded by Keapl gene [46,82]. Under oxidative
stress conditions, Keapl sense redox alterations and dissociates from Nrf2 for the
induction of Nrf2 translocation to nucleus to activate the transcription of antioxidant
enzymes [59]. In one of the studies, Nrf2 knockout mice showed reduced insulin release
from B-cells. The upregulation of Nrf2 reported to improve insulin-releasing potential
of pancreatic B-cells [83]. In the other study, Keapl knockout in mice resulted in
increased expression of Nrf2, which improved mitochondrial redox homeostasis,
insulin sensitivity and obesity in mice [83].

2.3.8 Histone deacetylase 3

Recently, histone deacetylase 3 (HDAC3) have received tremendous attention as a
potential target in T2DM [84]. Inhibition of HDAC3 has been suggested as a new
therapeutic intervention in T2DM [84]. Sathiskumar et al. (2016), reported increased
MRNA levels of HDAC3 in T2DM patients (p<0.05) with respect to control. The
increased activity of HADC3 resulted in significantly higher levels of pro-inflammatory
mediators in T2DM patients (p<0.05) with respect to control. Thus indicated the
association of HDAC3 with pro-inflammation and IR in diabetics [84]. Fu et al. (2020),
revealed that the expression of HDAC3 in retinal ganglionic cells of db/db mice having
increased body wt. and blood sugar levels was greater (p<0.01) than control. Thus, this
study indicated the role of HDAC3 inhibition to treat diabetic retinopathy [85]. Zhao et
al. (2019), reported the increased mRNA/protein expression and activity of HDAC3 in

the hippocampus and cortex region (p<0.05) of db/db mice as compared to non-
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hyperglycemic control, which contributes to neurovascular complications in T2DM
[61]. Huang et al. (2021), revealed that the increased expression of HDAC3 in db/db
mice elevates oxidative stress by interacting with Nrf2 signalling, which leads to
endothelial impairments or T2DM-associated cardiovascular diseases. Thus, the
inhibition of HDAC3 can be advantageous in the management of IR and its related
comorbidities [47].

2.4 Major Antidiabetic drug families

Oral anti-hyperglycemic drugs are commonly employed for treating T2DM for many
years given their worth and suitability. Metformin and sulfonylureas are the first line
agents employed for more than 50 years and their main secondary complications are
extensively known [86]. In addition to this, there are glinides, thiazolidinediones
(TZD), a-glucosidase inhibitors, dipeptidyl peptidase-4 inhibitors (DPP-41) and the
recently introduced sodium-glucose cotransporter-2 inhibitors (SGCT-2I). The
chemical structures of some of the commonly used oral anti-hyperglycemic drugs are
presented in Fig 2.1.
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Fig 2.1: Currently available oral anti-hyperglycemic drugs

2.4.1 Sulfonylureas

Sulfonylureas (SUs) were the first oral antidiabetic agents approved by FDA, starting
in 1958. Their origin is tracked to the observation in 1942, that some sulfonamide
antibacterial products triggered critical hypoglycaemia in typhoid patients [2]. These
are produced from substitution at a para position on benzene ring, and at one nitrogen
residue of urea moiety [87]. First-generation SUs are rarely used, as they carry a great
risk of hypoglycemia in contrast to modern SUs. In addition to this, they are not used
in patients with cardiovascular diseases, liver, and renal dysfunction, as well as those
exhibiting hypersensitivity to the drug.

2.4.1.1 Mechanism of action

SUs act as insulin secretagogues by modulating ATP sensitive potassium ion channels
(Kate channel), via sulfonylurea receptor present on the pancreatic beta-cell membrane.

SUs binds with Katp channel and causes its inhibition, that leads to an increase in the
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concentration of K* ions in the cytoplasm of beta-cells, and depolarizes calcium ion
channels. This leads to the increased influx of calcium ions into the beta-cell, that
provoke exocytosis of insulin granules and stimulate insulin release. To some extent,
SUs also binds and activates Epac2 (guanine nucleotide exchange factor), which further
works together with Rapl protein to increase the approachability of insulin vesicles, to
meld with the plasma membrane of the beta cell [88].

2.4.1.2 Extra-pancreatic actions

Increased expression of glucose transporter GLUT-4 in the periphery, and reduced
peripheral insulin resistance are recognized. Suppression of sarcolemma and
mitochondrial ATP channels on cardiac cells, and Katp channels on smooth muscle
cells, by binding with sulfonylurea receptor SUR2A that causes cardiovascular
complications, is also mentioned. Gliclazide causes reduced hepatic glucose output,
with anti-oxidant and antiplatelet effect. Gly in turn, aggravates blood pressure due to
sympathetic activation [89].

2.4.1.3 Efficacy

All SUs are equally efficacious at equipotent doses. Therapy is initiated from a lower
dose range, on the basis of glycaemic control. Longer-acting SUs are administered as a
single dose daily and rest is available in extended-release dosage forms (glipizide) or
micronized tablets (glyburide), to prolong the duration of action and the dose is kept
lower. SUs reduce glycated haemoglobin by 1.5% to 2%, with a fasting plasma glucose
(FPG) decrease of up to 60-70mg/dL. Usually, primary failure of SU monotherapy is
seen in patients with low C-peptide levels and high FPG levels (>250 mg/dL). In such
patients, SUs cause less than 30mg/dl decrease in FPG levels. Almost 75% of the
patients come under secondary failure on SU monotherapy, initially responding well
(>30mg/dL reduction in FPG), however failing to reach acceptable glucose control
[87,90].

2.4.1.4 Adverse effects

Older SU drugs (glimepiride, Gly, glipizide, gliclazide) are reported to induce weight
gain of 1.8-2.6kg in previous studies [91]. Modern SUs (glimepiride, gliclazide) are
widely preferred over SUs due to less risk of hypoglycaemia, weight gain, and
cardiovascular complications. The Scottish Intercollegiate Guidelines Network,
International Diabetes Federation and National Institute for Health and Care Excellence
recommend SUs use in patients who are not obese. Weight neutrality is reported with

glimepiride extended release and gliclazide modified release during the period of 1
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year. Regular consumption of glimepiride produces weight neutrality for about 1.5
years [89]. Due to the narrow therapeutic index, SUs even in small doses can induce
hypoglycaemia in paediatrics and geriatrics. High doses can cause chronic
hypoglycaemia (less than 60 mg/dL), rarely leading to death due to neuroglycopenia
and cardiotoxicity [92].

2.4.2 Glinides (Meglitinides /D-Phenylalanine analogs)

This class of anti-diabetic drugs includes repaglinide and nateglinide, which act as
ATP-sensitive potassium channel blockers. They are also insulin secretagogues, and
are sometimes named as prandial glucose regulators. They have similar mechanism of
action (MOA) as SUs but are structurally unrelated. The first agent of this class,
repaglinide was approved by FDA in 1997, and nateglinide in 2000. They are rapidly
absorbed and have a short duration of action, in contrast to second-generation SUs, thus
flexible dosage can be designed [93]. They are contraindicated in diabetic ketoacidosis,
hypersensitivity, renal and liver diseases. Repaglinide is contraindicated in patients on
lipid-lowering gemfibrozil, as it can increase repaglinide blood levels by 28.6 folds
[94].

2.4.2.1 Mechanism of action

Both meglitinides, analogously to SUs, block ATP-dependent potassium ion channels,
causing insulin release from pancreatic beta-cells. Repaglinide is derived from benzoic
acid, while nateglinide is derived from d-phenylalanine [87]. Meglitinides bind to
sulfonylurea receptor SURL, and are also reported to bind at a separate site on beta-
cells. Nateglinide shows larger selectivity for SUR1 over SUR2, in contrast to
repaglinide and SUs. Nateglinide remains binded to the receptor for a very limited
period of about 2 secs, contrasting with repaglinide which stays for 3min, whereas the
dissociation from the receptor is 90 times greater than repaglinide. Therefore
nateglinide has a very limited on-off impact on insulin discharge [95].

2.4.2.2 Efficacy

These agents are reported to treat long term hyperglycaemic stages in patients with
T2DM. In a 3.6 months’ clinical trial, repaglinide (0.5-4 mg/meal) reduced glycated
haemoglobin levels by 1.57%, while nateglinide (60-120 mg/meal) achieved 1.04%
decrease. Repaglinide reduced pre-prandial glucose values by 57 mg/dL while

nateglinide by 18 mg/dL, in a period of 16 weeks [96].
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2.4.2.3 Adverse effects

Patients on repaglinide suffer weight gain of 1.8 kg and with nateglinide 0.7 kg, after
3.6 months of therapy [96]. Meglitinides are indeed associated with minor to moderate
weight gain, as per a report by the American Association of Diabetes Educators 2016
[31]. Meglitinides are associated with hypoglycaemia (16 to 31%) and weight gain,
however less remarkably than SUs [97].

2.4.3 Biguanides

Guanidine is the active ingredient in Galega officinalis, a small tree found in Europe
and Western Asia, which was prescribed in primitive times for diabetic patients.
However, guanidine and derivatives showed toxicity. First generation biguanides
(phenformin and buformin) were introduced for diabetes pharmacotherapy in 1950. In
1970 phenformin was withdrawn due to cardiac mortality and lactic acidosis.
Metformin appeared as a safer alternative and was approved in the USA in 1995. Now
it is one of the most widely prescribed antidiabetic agents [98]. Caution is advised for
patients liable to display metabolic acidosis including renal insufficiency, hepatic
failure, alcoholism, congestive heart failure (CHF), sepsis, and surgery. Certain studies
reported the safety of metformin with stable CHF, resulting in reduced mortality rates
[2].

2.4.3.1 Mechanism of action

Metformin is an AMPK (AMP-dependent protein kinase) activator. When cellular
energy stores are reduced, AMPK is stimulated by phosphorylation. Stimulated AMPK
initiates the process of fatty acid oxidation and glucose uptake, reducing lipid
production and gluconeogenesis. The net outcome of such actions is decreased hepatic
glucose output, enhanced insulin sensitivity in fat cells and muscles, enhanced storage
of glycogen in skeletal muscles and reduces blood glucose levels. The exact mechanism
by which metformin stimulates AMPK is unknown. Metformin has shown reduced
cellular respiration by selectively affecting mitochondrial complex I. It does not disturb
the discharge of any islet hormones, and hardly causes hypoglycemia [87].

2.4.3.2 Efficacy

Metformin decreases glycated haemoglobin levels by 1.5%-2%, with FPG reduction by
60-80 mg/dL. It is acceptable even in cases of extremely high post prandial glucose
(PPG) (>300 mg/dL), and is also able to reduce TGs and LDL-C by 8%-15%, with a
slight increase in HDL-C by 2%. It stimulates plasminogen activator inhibitor-1, and

induces decrease in weight by 2 to 3kg [90].
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2.4.3.3 Adverse effects

Metformin is recommended for diabesity patients on account of suppression of hepatic
gluconeogenesis, increased insulin sensitivity in peripheral tissue, and some degree of
anorexia. Approximately 31% reduction in episodes of T2DM in highly obese patients
has been achieved by metformin as stated by Diabetes prevention program (DPP)
clinical trial [99]. Combination of metformin with lifestyle modification has shown
improvement in gestational diabetes [91]. Gastrointestinal symptoms (10-25%) can
include dyspepsia, diarrhoea, nausea, and intestinal muscle spasm. Dosage tapering or
intake with meal can be helpful. Reduced levels of cobalamin (20-30%) in
malabsorption is a possibility. Overdose, or regular use of metformin for years, can
rarely precipitate metabolic acidosis (3-6 /100,000 patients) [87].

2.4.4 Thiazolidinediones (TZDs)

TZDs (insulin sensitizers) were approved for clinical use by FDA in 1997, though
controversies surrounded the first agent of this class, troglitazone. Troglitazone was
withdrawn from the market due to liver toxicity [86]. Pioglitazone is the only widely
used TZD, as rosiglitazone was also withdrawn in some countries in terms of
cardiovascular safety [91]. In patients with New York Heart Association (NYHA) class
I11 and IV cardiac failure, and even in class | and Il patients, caution is advised [90].
2.4.4.1 Mechanism of action

TZDs or glitazones are the selective synthetic ligands of nuclear peroxisome-
proliferator—activated receptor gamma (PPARy) [100]. Such types of receptors are a
subfamily of 48-member nuclear —receptors, and regulate transcription of genes linked
to glucose and lipid metabolism [87,100]. PPARY is mainly expressed in adipocytes,
with minor findings on skeletal, cardiac, smooth muscle cells, pancreatic B-cells,
macrophages, and vascular endothelial cells [87]. Hence adipose tissue is the main
target of PPARy agonists. However, there is no evidence whether TZDs reduces insulin
resistance by directly acting on to the target tissues, or indirectly through the release of
secreted products by adipocytes such as adiponectin, that increases insulin sensitivity.
TZDs binding with PPARy receptor induce a conformational change, and form a
heterodimer with another nuclear receptor (retinoid X receptor), which then further
binds with peroxisome proliferator response element. Such activation causes adipocyte
differentiation, increases subcutaneous fat cells, FFA oxidation, FFA uptake into
adipocytes, and storage from extra-adipose tissues to adipose tissues. Such effects

enhance insulin sensitivity at fat cells, muscles, and liver. [87,90,100].
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2.4.4.2 Efficacy

Pioglitazone or rosiglitazone therapy for 6 months, decreases glycated haemoglobin by
1.5%, and PPG level by 60-70 mg/dL at a higher dose. TZDs slowly reduce blood
glucose levels for about 3-4 months, after which the highest glucose response is seen.
Patients must be counselled regarding such point, so that they continue therapy without
any drop-out [87,90].

2.4.4.3 Adverse effects

A weight gains of 3.6 kg after 35 months has been registered in a large trial [101].
TZDs lead to weight gain of up to 3-4 kg in 6 months and 5kg in 3-5 years as per
UKPDS [102]. Weight gain varies on the basis of dose regimen used [103]. These
agents also affect lipid parameters such as TGs, LDL-C and HDL-C. Pioglitazone
reduces triglyceride levels by 10% to 20% while rosiglitazone has a neutral effect.
Rosiglitazone increases LDL-C up to 5% to 15%, whereas pioglitazone is devoid of
such effect. Both are able to alter minor, dense LDL-C particles to bulky soft particles
, Which are less dense and less atherogenic, and also increase HDL-C up to 3 to 9 mg/dL
[90].

TZDs as single oral anti-diabetic agents do not produce hypoglycaemia, whereas
combination with SUs can slightly increase the risk [104]. Other adverse effect includes
edema (2-4%) due to sodium/water retention and enhanced vascular permeability,
cardiac failure and weight gain. The severity of edema (approx. 15%) increases in
combination with insulin. Edema is dose-dependent so, by dropping the dose and using
diuretics, alleviation could follow, especially if edema is not severe [90].

2.4.5 GLP-1 receptor agonists (Injectable drugs)

These are also called incretin mimetics. Incretins are hormones produced by epithelial
intestinal L-cells, in response to food ingested: GIP (glucose-dependent insulinotropic
polypeptide) and GLP-1 (glucagon-like peptide 1). GLP-1 administration reduces blood
glucose levels by mediating insulin release, and also inhibits it when the glucose level
is normal, while GIP is not clinically effective in T2DM patients. [87,105,106].
Pancreatic a-cells produce and split proglucagon into glucagon and a large peptide (C-
terminal) comprising GLPs (GLP-1 and GLP-2), whereas intestinal L-cells transform
proglucagon into a large peptide (N-terminal) comprising glucagon or GLPs. GLP-2 is
of little importance for diabetes management. It mainly influences epithelial cell
proliferation in the digestive tract, hence it has been approved as an orphan drug

(teduglutide; GLP-2 agonist) for the treatment of short bowel syndrome, by both the
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FDA and the European Medicine Agency [87]. Family history of medullary carcinoma
of the thyroid, and patients with multiple endocrine neoplasias, should avoid such
therapy. Caution is advised in the presence of gastroesophageal reflux [105].

2.4.5.1 Mechanism of action

There are two GLP-1 receptor agonists (exenatide and liraglutide) prescribed
intravenously for type 2 diabetic subjects. These agents increase insulin secretion which
is glucose-dependent, inhibit glucagon, slow gastric emptying, reduce appetite and
body weight, and normalize pre-prandial and postprandial glucose levels, by
stimulating GLP-1 receptor [87,107]. These receptors are G-protein coupled receptors
(GPCR) expressed in pancreatic alpha-cells, beta-cells, specific neurons in hindbrain,
intestinal cells, and other structures.

Beta-cell functioning is required for incretin-based therapy; else it could lead to failure
[108]. GLP-1 as such has limited therapeutic potential, due to rapid degradation by
dipeptidyl peptidase 4 enzyme (DPP-4), consequently half-life is just 2-3min. The
enzyme is mainly expressed in luminal capillary endothelial cells, kidney,
gastrointestinal mucosa, and immune cells. To increase the half-life, DPP-4 resistant
GLP-1 agonists have been produced. Use of DPP-4I potentiates the pharmacological
action of incretin-based therapy [87,108].

2.4.5.2 Exenatide

It is a synthetic exendin-4, potent, DPP-4 resistant, GLP-1 agonist which is short-acting.
It is injected subcutaneously twice daily, with a plasma half-life of 3 hours, and acts for
about 6-10 hrs. It can be used as monotherapy or in combination with metformin, SUs,
or TZDs if required. It reduces glycated haemoglobin by 1% in patients with T2DM,
after 6.9-18.8 months [87,108,109].

2.4.5.3 Liraglutide

It is rigidly bound to a plasma protein that accounts for increased plasma half-life of >
12h, and thus acts for > 24hrs. Due to its prolonged plasma half-life, it is given
subcutaneously once daily. It reduces glycated haemoglobin by 30%, which is greater
than exenatide. It can be used as monotherapy, or in combination with metformin, SUs,
or TZDs [87,108,109].

2.4.5.4 Adverse effects

Patients on exenatide show weight reduction of 2.5 kg to 4 kg within 30 to 82 weeks of
therapy, whereas liraglutide can be followed by weight reduction of 5.6 kg, in obese

non-diabetic or diabetic patients. Therefore, it can also be used as an anti-obesity drug
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[87,108,109]. Nausea, vomiting, and diarrhoea are common (40-50%) and dose-related.
Hypoglycaemia is rarely reported with GLP analogues, except when used in
combination with SUs [87,108].

2.4.6 DPP-4 inhibitors
DPP-4 belongs to the family of prolyl oligopeptidases. It is a serine protease highly
expressed on intestinal epithelial cells, brush-border renal cells, pancreatic cells, hepatic
cells, endothelial cells, glandular epithelium, and T-cells. It is also called as T-cell
differentiation antigen (CD26). DPP-4 protein consists of an extracellular domain, with
the catalytic site in the C-terminal attached to the transmembrane protein, and an
intracellular tail at the N-terminal. When it is cleaved it discharges the extracellular
domain in the blood, in the form of soluble DPP-4, and also circulates in body fluids
(seminal and cerebrospinal fluids) [110].
The extracellular domain of the protein also contains glycosylation and cysteine-rich
sites, that contribute to non-enzymatic actions of DPP-4. Such sites are believed to
interact with adenosine deaminase, streptokinase, plasminogen, and are also a binding
site for chemokines. The antidiabetic effect of DPP-41 was evaluated after the
investigations about inactivation of incretin hormones by DPP-4 [110]. DPP-4l are
identified to enhance plasma half-life of incretin-based therapy. The first DPP-4l
sitagliptin was approved by FDA in 2006. After this saxagliptin was approved in the
US and vildagliptin in Europe and America, as monotherapy or combination therapy
with other anti-diabetics. DPP-41 linagliptin and alogliptin are also available [111].
Hypersensitive persons, and those with chronic pancreatitis and renal diseases are not
safe candidates for such therapy [112].
2.4.6.1 Mechanism of action
Due to the essential role of DPP-4 enzyme in inactivation of incretin hormones, orally
active inhibitor drugs of this enzyme have been produced. These are indirectly acting
insulin-secreting agents and are mostly used in combination therapy [87,108]. DPP-4l
such as sitagliptin, vildagliptin, and saxagliptin are selective competitive inhibitors of
DPP-4, with high affinity for the enzyme. The concentration of physiologically
produced GLP-1 and GIP after food intake was doubled with DPP-41. Such selective
inhibition of enzyme provides an extended safety profile and allows prolonged
treatment with DPP-41.

It indirectly increases insulin secretion and inhibition of glucagon in patients with

T2DM. DPP-41 are also reported to counter-regulate glucagon release by pancreatic
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alpha-cells under hypoglycaemia. Thus, these agents do not cause alpha-cell
dysfunction, and improve alpha-cell sensitivity to glucose without affecting appetite.
Experimental beta-cell neogenesis was demonstrated, and genetically DPP-4 deficient
rats showed resistance to streptozotocin (STZ) induced beta-cell destruction. These
drugs also improve TGs and FFA levels [87,113].

2.4.6.2 Efficacy

Sitagliptin has been shown to reduce glycated haemoglobin by 0.65% to 1.0% within 2
to 7 months, and 0.67% upon 12 months of therapy. Saxagliptin reduces glycated
haemoglobin by 0.43 to 1.17%, while vildagliptin reduces by 1.4% in 24 weeks of
therapy. In terms of anti-hyperglycaemic effect, DPP-4l were found to be slightly less
effective than SUs, and equivalent to metformin and TZDs [111,114].

2.4.6.3 Adverse effects

Sitagliptin during 12 months triggered weight reduction of 1.5 kg, up to weight gain of
1.8kg. Vildagliptin and saxagliptin were not much different: weight shifts of - 1.8 kg to
+1.3 kg, and -1.8 kg to + 0.7 kg, respectively, after 5 months. In a meta-analysis of 13
studies they were considered to be weight neutral [111].

A slight effect on in-vitro immune cell functions has been seen with DPP-4l, and
allergic reactions such as anaphylaxis, angioedema, Stevens-Johnson syndrome, flu-
like symptoms, and skin reactions are reported. Hypoglycaemia is observed during
combination therapy of DPP-41 with SUs and insulin [87,111,115].

2.4.7 e-glucosidase inhibitors

The a-glucosidase enzyme is released by the chorionic epithelium of enterocytes, with
the function of digestion of carbohydrates and glucose production. Due to its important
role in glucose production, various alpha-glucosidase inhibitors were produced as a new
class of oral hypoglycemic agents in 1980s. They are obtained from natural sources
including plants and micro-organisms. The alpha-glucosidase enzymes from rodent
intestine and from yeast are employed for pharmacological purposes. They include
acarbose, miglitol and voglibose [116]. Diabetic ketoacidosis, inflammatory bowel
disease, other gastrointestinal conditions, and hypersensitivity are contraindications
[117].
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2.4.7.1 Mechanism of action

a-glucosidase inhibitors retard intestinal absorption of carbohydrates by preventing
alpha-glucosidase action in enterocytes of the brush border of the mucosa. Mouth to
cecum transit time is reduced and leads to larger evacuation of carbohydrates via stools.
Acarbose, produced by actinobacteria Actinoplanes utahensis, as well as voglibose, are
reversible inhibitors. These agents also cause the release of GLP-1 in systemic
circulation which adds on to the therapeutic action, while miglitol is a powerful
inhibitor of the enzyme sucrase [87,108]. Acarbose also inhibits glucoamylase and
alpha-amylase enzymes, thus impairing carbohydrate digestion and absorption [118].
2.4.7.2 Efficacy

Post-prandial glucose concentration diminishes by 1-3 mmol/L and pre-prandial
glucose concentration by 1 mmol/L. Also glycated haemoglobin can be lowered by
0.5% to 0.8%, and even can exceed 1% at higher doses, however proper maintenance
of diet is a must. Body wt. and lipid parameters remain unchanged. Long term
administration of these agents in prediabetes can prevent the onset of T2DM and heart
disease. Both monotherapy and combination protocols are available [87,119].

2.4.7.3 Adverse effects

Flatulence (78%) and loose stools (14%) are dose-related. In certain cases, hepatitis is
reported, that reverts when therapy is stopped [118].

2.4.8 Sodium-glucose co-transporter-2 inhibitors/Gliflozins

These are the FDA-approved latest class of anti-diabetics. Primarily introduced in 2013,
sodium-glucose co-transporter-2 (SGCT-2) inhibitors consist of canagliflozin,
dapagliflozin, ertugliflozin, and empagliflozin, which can be used as monotherapy, or
in combination with metformin and linagliptin. These agents are reported to reduce the
incidence of mortality due to cardiac diseases in patients with T2DM [120-122]. These
are contraindicated in patients with kidney diseases or nephropathy (GFR < 45
mL/min/1.73m?) [122].

2.4.8.1 Mechanism of action

The glomerulus of the kidney filters all the circulating glucose, which is reabsorbed into
the blood via SGCT-2 of the proximal convoluted tubule. These transporters cause 90%
reabsorption of filtered glucose, so these are an interesting target for T2DM. Inhibition
of this co-transporter promotes glucouresis, and lowers blood glucose levels along with
weight reduction [108,122]. Empagliflozin has maximum specificity for SGCT-2,

while canagliflozin is least specific.

[46]



These drugs can also be used in obese individuals, due to their weight reduction effect
[122].

2.4.8.2 Efficacy

They are useful in all the stages of T2DM because the mechanism of action is
independent of beta-cell function. Hypoglycaemia can occur if these agents are used in
combination with an insulin secretagogue [123]. SGCT-2 inhibitors showed 9.1%
reduction of glycated haemoglobin at baseline, 0.9% in 1month and 0.8% in 6 months
of therapy [124].

2.4.8.3 Adverse effects

Weight loss of 2.6 kg in 6 months of therapy is documented, due to glucouresis and loss
of adipose mass. Apart from body fat these agents also reduce epicardial fat.
Extracellular fluid diminishes after 28 days, and return to baseline after 3 to 6 months
of therapy [124]. Therefore, SGCT-2 therapy is associated with conspicuous weight
loss. They can increase the risk of serious genital anaerobic infections (Fournier’s
gangrene), and urinary tract infections in diabetic patients [121,122]. The overall
properties of the oral anti-hyperglycaemic drugs used in the management of T2DM is
presented in Table 2.2. In addition, the status of various anti-diabetic drugs under

clinical trials are presented in Table 2.3.
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Table 2.2: Properties of Anti-diabetic agents used in the treatment of T2DM [125]

Class Drugs Trade name Dosage range HbAlc reduction Weight changes Hypoglycaemia  Duration of
(%) action
Biguanide Metformin Glucophage 500-3000 mg 1-2% Neutral No 24 h
SGCT-2 inhibitors Dapagliflozin Froxiga 5-10 mg 0.6-1.2% Loss No t1o~12.9h
Canagliflozin Invokana 100-300 mg 24 h
Empagliflozin ~ Jardiance 10-25 mg ti2~12.4h
Ertugliflozin Steglatro 5-15 mg t12~16.6 h
Meglitinides Repaglinide Prandin 0.5-16 mg 1-2% Gain Yes 2-6h
Nateglinide Starlix 180-360 mg 2-4h
DPP-41 Sitagliptin Januvia 100 mg 0.5-1% Neutral No 24 h
Vildagliptin Galvus 50-100 mg 12-24h
Saxagliptin Onglyza 2.5-5mg 24 h
Alogliptin Nesina 25mg 24 h
Linagliptin Tradjenta 5mg >24 h
TZDs Pioglitazone Actos 15-45mg 0.5-1.4% Gain No 24 h
Rosiglitazone Avandia 4-8 mg 24 h
Sulfonyl ureas (2" Glyburide Diabeta 1.25-20mg 1-2% Gain Yes 12-24 h
generation) Glipizide Glucotrol 5-40mg 12-18 h
Gliclazide Bilxona MR 40-320mg 12-24h
Glimepiride Amaryl 1-8mg 24 h
Alpha-glucosidase Acarbose Glucobay 25-50/100 mg 0.5-0.8% Neutral/minor loss ~ No 1-3h
inhibitors Miglitol Glyset 25-50/100 mg 1-3h
GLP-1 RAs Exenatide Bydureon 2mgs.c 0.9-1.6% Loss No 6-10 h
Liraglutide Victoza 1.2-1.8mgs.c 24 h
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Table 2.3: Drug therapy under investigation for the treatment of diabesity/T2DM

Drug Sponsor Phase Status Study title/objective Completion References
date

Trodusquemine (MSI-1436)  Genaera Corporation I Completed  Single dose, tolerance and pharmacokinetic study April 2009 [126]
in obese T2DM patients

SAR425899 Sanofi I Completed  Safety and tolerability in overweight to obese and Oct 2018 [127]
T2DM patients

KRP-104 (novel DPP-41) ActivX Biosciences, Inc. I Completed Randomized, double-blind, placebo-controlled trial ~ Aug 2008 [128]
to assess safety and effectiveness in T2DM patients

Oral ORMD-0801 Oramed, Ltd. I Completed Randomized, double blind, placebo controlled, April 2016 [129]

(oral insulin) parallel group trial to evaluate safety and efficacy.

LX4211 Lexicon Pharmaceuticals 1 Completed  Assessment of safety, efficacy and tolerability in Dec 2009 [130]
T2DM patients

HOE901-U300 (new Sanofi i Completed Consideration of efficacy between HOE901-U300  March 2014 [129]

formulation of insulin and lantus in T2DM patients

glargine)

Sitagliptin and metformin The University of Texas Health v Completed  Assessment of sitagliptin and metformin effects Oct 2012 [131]

therapy

Science Center at San Antonio

alone and in combination contrast to placebo on
liver gluconeogenesis.
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2.5 Oral/Nasal insulin

Insulin therapy can be used in all modalities of diabetes, including TIDM, T2DM and
gestational diabetes. It can be taken subcutaneously, intravenously, intramuscularly,
and more recently also orally. The subcutaneous route is classic for long term
management of glycaemic control, notably in patients with TIDM [87]. Oral insulin is
a long-acting, basal insulin analogue. When target with combination therapy of oral
hypoglycaemic agents is not achieved, oral insulin therapy is instigated to control
glycosylated haemoglobin levels (A1C) > 7% in type 2 diabetic patients [132].

Oral insulin at high dose, in insulin naive patients with T2DM, seems to be effective in
controlling FPG (7.1 mmol/L) levels after 8 weeks, comparable to subcutaneous insulin
glargine (6.8 mmol/L), with the absence of any serious adverse effects or
hypoglycaemia [132]. Only nasal insulin (Afrezza®), for both TIDM and T2DM
patients, is already FDA approved. Afrezza is rapid-acting inhaled insulin and is not a
substitute of long-acting insulin. It is taken before a meal or within 20 minutes of
starting a meal and can be used along with long-acting insulin in patients with TIDM
[133]. The FDA has also approved the first glucagon therapy (Bagsimi® nasal powder)

for the emergency management of severe hypoglycaemia [134].

2.6 Pharmacological approaches of the American Diabetes Association (ADA)
Metformin is recommended as the first-line agent for the treatment of T2DM.
Metformin therapy should be continued if it is tolerated and not contraindicated. In the
long run it causes vitamin B12 deficiency, especially in patients with anaemia or
peripheral neuropathy. Therefore, vitamin B12 levels should be monitored [31].
Initially, insulin can be added with anti-diabetic drugs in case of weight loss,
hypertriglyceridemia, ketosis, and hyperglycaemia (>300 mg/dL), or glycated
haemoglobin (>10%) [135]. Along with active pharmacological agents, lifestyle
modification should be considered to improve health. For T2DM patients affected by
atherosclerotic cardiovascular disease, SGCT-2 inhibitors and GLP-1 receptor agonists
are recommended. For patients at risk of cardiac failure, SGCT-2 inhibitors are ideal.
T2DM patients with chronic renal disease should receive SGCT-2 inhibitors and GLP-

1 receptor agonists, to prevent the progression of kidney or cardiovascular disease [28].

Among the parenteral drugs to achieve extreme blood glucose reduction, GLP-1
receptor agonists are considered over insulin. After every 3-6 months, anti-diabetic drug

regimen should be assessed and adjusted based on clinical assessment [28].
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The combination of new anti-diabetic agents with initial therapy should be
recommended, to reduce glycated haemoglobin level by 0.7-1%. If glycated
haemoglobin levels are not controlled in 3 months without atherosclerotic
cardiovascular disease or chronic kidney disease, SUs, TZDs, SGCT-2 inhibitors, GLP-
1 agonists, DPP-4l and basal insulin can be combined with metformin, with emphasis
on patient factors and treatment selective effects [28].

For obese patients, selection of anti-diabetic drug should be based on effect of body wt.
Initially diet modification should be recommended, and can be further combined with
exercise and anti-obesity agents (BMI>27 kg/m?). Patients receiving anti-obesity agents
with weight loss <5% in 3 months, or any safety or tolerability issues, should have the
prescription discontinued and alternative pharmacological approaches should be taken
into account. Anti-diabetic agents having an influence on body weight includes
metformin, a-glucosidase inhibitors, SGCT-2 inhibitors, GLP-1 receptor agonists, and

amylin mimetics [91].

DPP-41 are weight neutral, while insulin secretagogues, thiazolidinediones, and insulin
induce weight gain. For short term and long-term management of obesity (BMI>27
kg/m?), all FDA approved agents for weight loss are found to be associated with
glycemic control in T2DM patients, or patients at risk of T2DM. Five weight-reducing
drugs (or combination of drugs), namely Orlistat, Lorcaserin, Phentermine/ Topiramate
(ER), Naltrexone/ Bupropion ER and Liraglutide have been approved by FDA for long
term use in patients with obesity-associated T2DM, dyslipidemia, or elevated blood
pressure [136]. Therefore, overall approach of oral hypoglycemic agents for the
treatment of T2DM by ADA is presented in Fig 2.2.
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Fig 2.2: Pharmacological approaches based on oral anti-hyperglycemic drugs employed for the management of T2DM by ADA

Abbreviation: eGFR, Estimated glomerular filtration rate; ASCVD, Atherosclerotic vascular disease; HF, Heart failure; CKD, Chronic kidney disease; SGCT-2l, Sodium glucose cotransporter-2
inhibitor, CV, cardiovascular; GLP-1, Glucagon like peptide-1; TZD, Thiazolidinedione’s; SU, Sulfonyl urea; DPP-4, Dipeptidyl peptidase -4; SGCT-21*, Individual agents differ based on zone
with respect to specified level of eGFR for commencement and persistent use.
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2.7 Advanced treatment strategies for T2DM

The complexity of T2DM i.e., the interplay between genetic, epigenetic and
environmental factors, has made its treatment a complicated. VVarious approaches based
on lifestyle modification, anti-diabetic medications and insulin therapy indicated
potential in managing T2DM. Here in, the emphasis is on the one of the extensively
discovered approaches i.e., nanotechnology based approaches, which are discussed in
the subsequent sections.

2.7.1 Nanocarrier-based approaches

The modern developments made in the nanocarrier-based strategies are discussed here
in, that primarily includes lipid-based nanocarrier, polymeric micelles (PMs),
polymeric nanoparticles, and nanocrystals for the effective treatment of T2DM. A few
of the relevant case studies with respect to the above-mentioned delivery systems are
presented in Table 2.4 after section 2.6.1.5.

2.7.1.1 Lipid-based nanocarriers

Lipid based drug delivery systems (LDDS) have gained importance due to their ability
to deliver poorly water-soluble drugs. LDDS are widely preferred over conventional
dosage forms because of their multifunctional role, good biocompatibility and
biodegradability, and in augmenting oral bioavailability of lipophilic drugs [137]. In
addition, offers desire release kinetics such as controlled, sustained or extended [138].
These lipid-based oral formulations are generally composed of water-insoluble
excipients, triglycerides, surfactants, co-surfactants, co-solvents, simple oils or mixture
of oils and many lipids [137]. LDDS enhance the absorption of drug by reducing the
particle size to molecular level, and increases drug transport to systemic circulations by
altering enterocyte-based transport [137]. Apart from this, LDDS can be solidified into
powder or pellets using various techniques pertaining to its stability for oral delivery
[137]. The most commonly explored and established LDDS include liposomes [139],
niosomes [140], self-nanoemulsifying drug delivery system (SNEDDS), and solid lipid
nanoparticles (SLN) [141].

2.7.1.1.1 Liposomes

Liposomes are spherical vesicular nanostructures composed of one or more partially
substituted phospholipid bilayers along with cholesterol. It consists of hydrophilic
aqueous core and hydrophobic phospholipid tail due to which it can encapsulate both
hydrophilic and lipophilic drugs. This composition of liposomes facilitates its use in

encapsulating various categories of payloads, due to which its application in drug
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delivery systems are increasing rapidly. In addition to this, liposomes have gained
importance as potential drug delivery systems owing to their stable lipid bilayer
membrane, minimized enzymatic degradation and biocompatibility and cell-specific
targeting [142]. One such application of liposomes is that they can be used in increasing
the oral bioavailability of drugs [143].

Niu et al. (2012), reported that the liposomes composed of different bile salts
successfully encapsulated insulin for oral delivery. The different bile salts used for the
formation of insulin-loaded liposomes were sodium glycocholate, sodium taurocholate,
sodium deoxycholate, and cholesterol. Amongst the different bile salts, sodium
glycocholate-liposomes showed the highest increase in the oral bioavailability of
insulin, which was 11% in diabetic mice. The developed formulation in in vivo study,
showed size-dependent antihyperglycemic effect. Sodium glycocholate-liposomes of
size > 100 nm exhibited rapid decrease in blood glucose levels and < 100 nm exhibited
slower and prolonged antihyperglycemic activity in diabetic mice. Thus, no significant
difference (p>0.05) was noted between the antihyperglycemic action of insulin solution
administered subcutaneously and oral sodium glycocholate-liposomes in diabetic mice
[144].

Agrawal et al. (2014), developed liposomes functionalized with folic acid for the
successful entrapment of insulin molecule. The developed formulation was made from
alternate coating of poly (acrylic acid) and poly (allyl amine) hydrochloride. The
developed functionalized formulation increased the oral bioavailability of insulin up to
20% in comparison to insulin solution. Also, remarkably decreased the severity of

hyperglycaemia with respect to oral-insulin and insulin liposomes [145].

Zhang et al. (2014), developed insulin loaded oral liposomal formulation modified with
targeted ligand biotin for the effective treatment of hyperglycaemia. The developed
liposomes enhanced the oral bioavailability of insulin up to 5.28-folds in comparison
to conventional formulation, attributed to biotin-mediated endocytosis in Caco-2 cells.
Also, reduced the blood glucose levels up to 1.5- and 1.3-folds in comparison to base
control and insulin solution [146].

Yazdi et al. (2020), developed liposomes composed of phospholipid with high
transition temperature along with PEGylation and a targeting moiety folic acid. This
formulation successfully encapsulated insulin and improved its (19%) oral
bioavailability. The PEGylation of insulin loaded liposomal oral formulation provided

protection against harsh conditions of GIT and its targeting moiety led to increased
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absorption via intestinal epithelium. In in vivo study, this formulation (50 1U/Kkg)
reduced the plasma sugar profile and enhanced the plasma insulin levels in diabetic rats
(p<0.001) in comparison to regular insulin injection. The targeting ligand folic acid in
the liposomal formulation enhanced the cellular uptake in Caco-2 cells by 1.5-folds
with respect to liposomal formulation without folic acid [143].

2.7.1.1.2 Niosomes

Niosomes are colloidal nanocarriers that are bilayered structures (unilamellar or
multilamellar vasicles) composed of lipid and non-ionic surfactants incorporated in
aqueous phase. Lipid component mostly include cholesterol or L-a-soya
phosphatidylcholine that imparts stability to niosomes in biological fluids [147].
Whereas amongst non-ionic surfactants spans and Brij are widely used, due to which
niosomes are also referred as “non-ionic surfactant vesicles” [148]. Recently, various
ionic amphiphiles like dicetyl phosphate, sodium deoxycholate, stearyl amine etc. are
also used to augument the stability of vesicular suspension by inducing negative or
positive charge [149]. The size of niosomes ranges between 10 to 1000 nm and are
preferred as drug delivery vehicles over liposomes due to its more chemical stability
and low cost [149]. These nanocarriers are amphiphilic in nature and can encapsulate
hydrophilic drug in core region and lipophilic drug in non-polar region of bilayer
membrane [149]. These nancarriers can be functionalized to obtain desire
physicochemical property and for targeted delivery of drugs. In addition, niosomes
offer drug sustainability resulting into prolonged drug’s effect, lower toxic-effects,
change in the distribution profile of drugs, and increased bioavailability of the
encapsulated drug [147,149]. For example, metformin as first-line antidiabetic agent is
widely administered i.e., 2-3 times/day by T2DM patients. However, the drug is
associated with number of side effects.

Sankhyan et al. (2013), reported that the dosing frequency and associated side effects
of metformin could be reduced by sustaining the drug release. For which the non-ionic
surfactant vesicles was used as a novel drug delivery vehicle. In this study, 12 batches
of metformin loaded niosomes was prepared to study the influence of varying molar
concentration of cholesterol: surfactant (span 60/span40), type of surfactant, presence
of dicetyl phosphate and volume of hydration on to the stability, entrapment efficiency
and in-vitro drug release profile. Higher entrapment efficiency i.e. 84% was resulted
from the use of 15 ml of hydration volume, which provided ample space for vesicle

formation. In addition, cholesterol at optimized ratio with span 60 (100:100) provided
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sufficient rigidity to the bilayer and cemented the leakage points that resulted in higher
entrapment of drug in core. The type of surfactant used i.e. span 60 provided more
sustained release and higher entrapment efficiency due to difference in the alkyl chain
length. The dicetyl phosphate used had great impact onto the stability as it provided
uniformity and prevented the aggregation and fusion of vesicles. Therefore, the
optimized formulation composed cholesterol: span 60 (100:100) with 5 mg dicetyl
phosphate and 15 ml of volume of hydration exhibited most sustained metformin
release i.e. 69% up to 8h in pH 6.8 and was stable up to 3 months in refrigerator
temperature [150].

Similarly, Kumar et al. (2017), developed formulation of niosomes containing span 60
and cholesterol in 1:1 ratio for the sustained release of entrapped metformin and
gliclazide. The results of in vitro release study revealed 1.4-folds decrease in metformin
release and 1.6-folds decrease in gliclazide release profile in comparison to pure drugs.
Almost 40.1% of metformin and 45.7% of gliclazide was released in sustained manner
in pH 6.8 over 8h [140].

In the next study, Mohsen et al. (2017), developed cholesterol and span 60 based
niosomes to increase the oral bioavailability and therapeutic efficacy of glimepiride.
The formulation resulted in sustained release of drug i.e. 39.5% for 24h that was slower
than the free drug. In agreement with the drug release results, formulation showed 1-
fold lower Cmax and 3-folds higher Tmax than free drug respectively. This indicated that
the drug required more time to reach maximum concentration in plasma. Further, the
AU Co.sgnrs Of the glimepiride released from formulation was 7-folds higher than the free
drug that indicated increase in relative bioavailability of glimepiride. This resulted in
higher blood glucose level reductions by 2.1-folds and 2-folds in comparison to free
drug and marketed product respectively [151].

2.7.1.1.3 SNEDDS

SNEDDS are liquid-lipid nanocarriers, composed of isotropic mixtures of oils,
surfactants, and co-surfactants/co-solvents that forms fine oil in water nanoemulsion
upon mild agitation in Gl media [152,153]. The production of SNEDDS is
thermodynamically spontaneous, as they require very low free energy. In comparison
to other nanocarrier systems, production of SNEDDS is facile and cost-effective [152].
These nanocarriers orient nanoemulsions in the range of 20 to 200 nm upon dilution
[152]. These nanocarriers provide improved drug oral bioavailability, permeability,

enzymatic and chemical stability [152,153].
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However, because of larger interfacial area for drug adsorption, SNEDDS are claimed
to be suitable nanocarrier for increasing the oral bioavailability of lipophilic drugs
[152].

In addition, its ease of functionalization offers controlled and targeted delivery of wide
range of drugs [152]. These nanocarriers can be easily modified for their incorporation
in soft/hard gelatin capsules via drying techniques for better patient compliance [154].
Further, Rashid et al. (2018), reported the formation of SNEDDS composed of Capmul
MCM, Kolliphor HS and PEG 400 to enhance the oral bioavailability of embelin and
gliclazide. In in vitro dissolution study, the dissolution rate of embelin and gliclazide
loaded in SNEDDS was increased up to 3.4- and 2.8-folds in PBS pH 7.4 over 70 min
than plain drugs respectively. This increase in dissolution profile of both the drugs is
attributed to the ability of SNEDDS to keep drugs in the solubilized state. This has led
to increase in the therapeutic efficacy of the drugs. In in vivo study, co-loaded SNEDDS
with 10 mg/kg of gliclazide and 30 mg/kg of embelin exhibited significant reduction in
blood glucose levels, body weight, cholesterol and triglycerides levels (p<0.05) in
comparison to their respective pure drugs respectively [155].

Ameeduzzafar et al. (2019), reported the formation of solid SNEDDS using eucalyptus
oil, tween 80, polyethylene glycol 400 and biocompatible adsorbent avicel PH-101 for
the successful loading of poorly water-soluble drug dapagliflozin for its oral delivery.
In in vivo study, drug loaded solid SNEDDS exhibited 1.2-folds (p<0.05) increase in
the antihyperglycemic action of dapagliflozin than the unprocessed dapagliflozin in
diabetic rats [156].

Kazi et al. (2021), reported that the SNEDDS composed of black seed oil, Capmul
MCM, and Cremophor EL not only enhanced the oral bioavailability of the loaded
drugs but exhibited moderate antioxidant activity mainly attributed to the main
constituent in black seed oil thymoquinone. The developed SNEDDS was used for the
loading of two antidiabetic drugs sitagliptin and dapagliflozin. The developed SNEDDS
upon co-loading the model drugs retained the antioxidant activity and exhibited 4-folds
increase in the total antioxidant activity as compared to blank SNEDDS. The oral
bioavailability of the loaded dapagliflozin was increased up to 2-folds in comparison to
commercial drug. This increment in the oral bioavailability of dapagliflozin led to
decrease in blood glucose levels up to 1.4- and 1.6-folds than commercial and pure drug

in diabetic mice respectively.
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Whereas, the loaded sitagliptin exhibited 1.1-folds greater reduction in blood glucose
levels in comparison to pure drug in diabetic mice. However, this study has not reported
the pharmacokinetic data of the loaded drug sitagliptin [157].

2.7.1.1.4 Solid-lipid nanoparticles (SLNSs)

SLNs are composed of biodegradable solid lipid matrix and a surfactant layer that are
spherical in shape with mean size of 40-1000 nm [158,159]. Lipids used in the
formation of SLNs include triglycerides, sterols, fatty acids, and waxes whereas the
surfactants include bile salts, lecithin, and copolymers [158]. Solid lipid matrix of SLNs
can be mixture of solid and liquid lipids used in the range of 0.1%-30% w/w
concentration for their dispersion in aqueous medium. While, the stability of SLNs is
ensured by surfactant used in range of 0.5%-5% w/w concentration and can be used in
the loading of both hydrophilic and lipophilic drugs [158].

In addition, of improving bioavailability of drugs, SLNs for oral delivery offer good
stability, improved epithelium permeability, prolonged half-life, tissue-targeting and
minimal side effects. Further, for the drug mucosal or lymphatic transport (Gl
permeation), the physicochemical properties of SLNs can be tailored by engineering
SLNs using various nontoxic excipients and sophisticated materials [160]. In order to
reduce the dosing frequency, side effects and to enhance overall therapeutic efficacy of
antidiabetic drugs, SLNs as prolonged release formulation has been widely explored.
With this context, in one of the studies, Rawat et al. (2010), made SLNSs using glyceryl
mono stearate and tris-tearin as lipid core and Pluronic F68 to enhance the oral
dissolution of reaglinide. The developed SLNs increased the AUC of repaglinide by
12.8-folds than free drug respectively. This led to increase in relative bioavailability of
drug in SLNs by 14-folds in comparison to free drug. Thus, indicated increased drug
intestinal absorption from SLNs than free drug. These results were in direct co-relation
with its antihyperglycaemic effect in in vivo study. The formulation at dose 0.286 mg/kg
exhibited higher glucose/lipid lowering effect (TGs and CHL) (p<0.05) than free drug
at same dose respectively. The formulation showed 30.8-folds increase in area under
the effect curve than free drug respectively. In addition, showed maximum nadir effect
i.e. 1.1-folds higher with increased tnagir (h) i.e. 13.3-folds higher than free drug
respectively. Thus, the formulation showed controlled release with prolonged

antihyperglycemic effect [161].
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Ebrahimi et al. (2015), prepared SLNs composed of stearic acid and glyceryl mono
stearate as lipid phase and various surfactants/stabilizers such as phosphatidylcholin,
Tween80, Pluronic F127, poly vinyl alcohol (PVA) and polyvinyl pyrrolidone (PVP)
to study their influence on physicochemical parameters of SLNs in oral delivery of
repaglinide. The use of surfactant phosphatidylcholine in drug loaded SLNs exhibited
increased zeta potential i.e. -54 mV than other surfactant based SLNs due to their ionic
nature that formed electric double layer on nanoparticles surface and resulted in good
stability. In case of particle size, tween 80-based SLNs formed smaller particles (83
nm) than other surfactant based SLNs attributed to their low molecular weight that
covers interfacial surfaces more rapidly than high molecular surfactants. However,
phosphatidylcholine based SLNs were of intermediate size i.e. 203 nm that was reduced
by 2.2- and 1.2-folds when used along with tween 80 and Pluronic F127 [141].
Further, loading parameters exhibited linear relationship with particles size i.e. 3.1-
folds increase in loading efficiency was observed with increase in size up to 203 nm
due to higher drug repulsion. However, PVA and PVP based SLNs having size greater
than 250 nm exhibited reduced loading efficiency. However, the drug release rate was
controlled in all surfactant based SLNSs i.e. 1.12-1.49% over 1h with difference in burst
release. The burst release rate showed inverse relationship with particle size. Therefore,
mixture of Pluronic F127 with phosphatidylcholine was considered to modify the
properties of repaglinide loaded in SLNs to improve its bioavailability for which further
in vivo studies are required [141].

2.7.1.2 Micelles

Micelles are nanoscopic supramolecular structures formed from biocompatible and
biodegradable amphiphilic block copolymers, which above critical micelle
concentration in water self-assembles in spherical micellar form [162]. The size of these
nanoparticles ranges between 10 to 100 nm that offer increase in bioavailability and
penetration of drugs. These are also referred as “amphiphilic polymeric micelles” due
to their amphiphilic nature [163]. These nanomicellar structures provide good
metabolic stability and prolonged blood circulation time due to which these are widely
used in the oral delivery of wide range of drugs [163].

In addition to this, micelles offer good stability due to low CMC value (0.1-1 uM),
controlled drug release, ease of functionalization, minimized side effects, stimuli-
sensitivity, high surface to volume ratio, low production cost, target selectivity, and

enhanced permeation as well as retention effect [20].
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In this regard, to enhance the oral antidiabetic effect, Kassem et al. (2017), developed
micelles based on phospholipid complexation for the oral delivery of repaglinide. The
drug loaded micelles offered sustained release profile over 24 hours due to the
hydrophobic nature of the micellar core. The drug release from micelles was greater in
PBS pH 1.2 than in pH 6.8 respectively. In in vivo study, oral administration of drug-
loaded micelles of dose 2 mg/kg for 7 days resulted in 2.5-folds decrease in blood
glucose levels in comparison to marketed tablet respectively. In addition, increased the
serum insulin levels by 1.97-folds and HDL levels by 1.3-folds in comparison to
marketed tablet. Whereas, decreased the serum triglycerides, cholesterol, low density
lipoprotein, and total lipid levels by 1.2-, 1.0-, 1.1-, and 1.2-folds in comparison to
marketed tablet respectively [164].

Further, the stimuli-sensitive property of micelles has been widely explored in the oral
delivery of insulin, which makes them intelligent oral drug delivery carrier. With this
context, Hu et al. (2019), reported the formation of pH-responsive cationic polymeric
micelles (PCPMs) formed from poly(methyl methacrylate-co-methacrylic acid)-block-
poly(2-amino ethyl methacrylate) for oral insulin delivery. The developed PCPMs
exhibited sharp pH-sensitive behaviour with change in particle size, which allowed
increased absorption of insulin in the GIT alkaline environment. Increase in pH from
1.8 to 6.0 exhibited decrease in size while further increment in pH from 6.0 to 7.4
resulted in increased size. This was attributed to increased ionization of methacrylic
acid segment with increase in alkaline pH that favoured swelling of PCPMs and further,
favoured release of insulin in pH 7.4. The PCPMs released more than 50% of the insulin
in a sustained manner while released less than 35% insulin in pH 1.2 over 6h
respectively. Also, exhibited more than 80% cell-viability in Caco-2 cell line study
[165].

Similarly, Bahman et al. (2020), reported that the pH-sensitive micelles composed of
poly (styrene-co-maleic acid) loaded with insulin at concentration of 100 uM increased
the 2-deoxyglucose uptake by 15% in HepG-2 cells in comparison to free insulin over
1h respectively. Further, larger amount of fluorescent 2-deoxyglucose was accumulated
in HepG-2 cells while free insulin failed to accumulate fluorescent 2-deoxyglucose. The
loaded insulin in micelles released almost 23% of insulin in pH 7.4 over 36h in a
sustained manner. Further, exhibited low brust release i.e., 21% in simulated gastric
fluid. The developed micelles exhibited higher transport efficacy of insulin across

intestinal ileum segment i.e., by 2-folds than duodenum and 3.6-folds than jejunum
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segment respectively. These results were in agreement with in vivo data. The oral
administration of the insulin-loaded micelles at dose 72 mg/kg significantly reduced the
blood glucose levels by 1.5-folds in comparison to diabetic control and was found more
effective than free oral insulin. Further, the repeated oral administration of insulin
loaded micelles exhibited higher glucose reduction (p<0.05) in comparison to single
dose respectively. In addition, the reduction in blood glucose levels by oral insulin
loaded micelles was 4-folds less in comparison to subcutaneously administered insulin
loaded micelles respectively. Therefore, formulation optimization is required to
enhance the oral efficacy of the insulin [166].

2.7.1.3 Polymeric nanopatrticles

Polymeric nanoparticles are self-assembled structures formed from biodegradable or
biocompatible amphiphilic molecules either natural or synthetic (ionic or non-ionic)
that acts as a stabilizing agents as well. During the self-assembly process, these
nanoparticles encapsulates the drug molecules within the core or at the surface of the
polymeric core based on their affinity (Pridgen). These nanoparticles have advantages
of controlled drug release, metabolic stability, improved bioavailability and therapeutic
index [167].

In addition, these nanoparticles have ease of surface modification that employ their use
in drug targeting and helps in improving their in vivo performance [168]. The size of
these nanoparticles ranges from 1 to 1000 nm [169,170]. Due to small size, these
nanoparticles possess larger specific surface area that allow their interaction with
epithelial surface to reach at the target site [168]. These nanoparticles are flexible to
design and the physicochemical properties can be tailor made based on the choice of
polymer and self-assembly conditions [168]. For example, to deliver GLP-1 via oral
route and in order to enhance their metabolic stability and absorption via GIT,
polymeric nanoparticles can be developed as a dual-drug delivery vehicle for oral
peptide delivery by incorporating DPP-4 inhibitor. This approach along with
functionalization property of polymeric nanoparticles can increase the therapeutic
efficacy of GLP-1 in comparison to conventional GLP-1 and DPP-4 inhibitor solution
respectively [171].

In this regard, Araujo et al. (2013), functionalized the PLGA nanoparticles with
chitosan and a cell penetrating peptide. These nanoparticles were designed to increase
the cellular uptake by facilitating higher interaction with intestinal cells or to increase

the transcellular transport of the nanoparticles. In in vivo study, oral delivery of these
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functionalized polymeric nanoparticles co-loaded with GLP-1 and DPP-4 inhibitor at
dose 200 pg/kg greatly reduced the plasma glucose levels by 44.3% (p<0.001) in a
sustained manner for 8h than GLP-1 plus DPP-4 inhibitor solution and GLP-1 loaded
nanoparticle respectively. Thus, the co-loaded nanoparticles showed 2.1- and 1.9-folds
decrease in blood glucose levels than GLP-1 loaded nanoparticles and GLP-1 plus DPP-
4 inhibitor solution respectively. Also, increased pancreatic insulin content (p<0.001)
after 8h of oral administration than GLP-1 plus DPP-4 inhibitor solution respectively.
The plasma insulin levels were increased by 1.4-folds after 6h of oral administration of
co-loaded nanoparticles in comparison to GLP-1 loaded nanoparticles and GLP-1 plus
DPP-4 inhibitor solution respectively [171].

In another study, Shrestha et al. (2016), developed chitosan-modified porous silicon
nanoparticles coated by gastro-resistant polymer hydroxyl propyl methyl cellulose
acetate succinate for the dual oral delivery of GLP-1 and DPP-4 inhibitor. The
developed co-loaded polymeric nanoparticles due to its polycationic and mucoadhesive
nature exhibited good adhesion efficacy in ligated intestinal loop study. The
pharmacokinetic study revealed 1.2- and 2.2-folds increase in AUC and Cmax of the co-
loaded nanoparticles in comparison to GLP-1 plus DPP-4 inhibitor solution
respectively. This indicated that the DPP-4 levels were significantly higher for co-
loaded nanoparticles (p<0.01) than GLP-1 and DPP-4 inhibitor solution respectively.
Thus, the co-loaded nanoparticles reduced the plasma DPP-4 levels by 2-folds within
6h of its oral administration in comparison to GLP-1 plus DPP-4 inhibitor solution
respectively. In in vivo study, the oral administration of co-loaded nanoparticles at dose
250 pg/kg reduced the blood glucose levels by 45% in sustained manner for 8h in
comparison to GLP-1 plus DPP-4 inhibitor solution respectively. In addition, the co-
loaded nanoparticles increased the pancreatic insulin content by 6- and 3.4-folds as
compared to GLP-1 plus DPP-4 inhibitor solution and blank nanoparticles respectively
[172].

2.7.1.4 Nanocrystals

Nanocrystals are nanosized range carrier-free colloidal delivery system. These are
nanoscopic crystals composed of 100% parent compounds that are stabilized with
surfactants or polymeric steric stabilizers [173]. In comparison to other carrier-based
nanoparticles, nanocrystals are advantageous in drug loading (50-90% w/w) and
stability [174]. The higher specific surface and curvature of nanocrystals via nanosizing

offers increased oral bioavailability of lipophilic drugs [174].
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In addition, nanocrystals can be chemically modified for the controlled release of
antidiabetic drugs in order to minimize the side effects and to enhance their therapeutic
efficacy for prolonged periods. This controlled release system helps in maintaining the
required drug levels within the therapeutic range of plasma for extended periods and
prevents unwanted toxicity of the drugs [175].

In agreement to this, Abo-Elseoud et al. (2018), developed cellulose nanocrystals
incorporated in chitosan nanoparticles (CNC-CHNPSs) by ionotropic gelation method
for the controlled release of repaglinide. Further, to study the influence of CNC on drug
release profile, they were chemically modified by oxidation process (OXCNC) and
incorporated in CHNPs. In in vitro drug release study, OXCNC-CHNPs caused slower
release rate over 8h in pH 1.2 and pH 6.8 in comparison to CNC-CHNPs respectively.
The drug release rate was 1.4-folds slower in pH 1.2 for 2h followed by 1.7-folds in pH
6.8 in last 6h than CNC-CHNPs respectively. In addition, OXCNC-CHNPs exhibited
2.2- and 1.7-folds slower drug release in pH 1.2 and pH 6.8 in comparison to free drug
over 8h respectively [176].

Such difference in drug release profile was attributed to the presence of carboxylic
group on CNC surface that provided stronger hydrogen bonding between functional
groups of drug molecules (amide and carboxyl groups) and OXCNC (hydroxyl and
carboxyl groups) than CNC (hydroxyl group) respectively. However, further studies in
higher animals and human beings is required for the commercial application of this
antidiabetic controlled drug delivery system [176].

2.7.1.5 Miscellaneous

The nanocarrier such as gold nanoparticles and dendrimers have also shown its potential
in the delivery of antidiabetic drugs/peptides for managing T2DM and its associated
comorbidities. Both of these nanoparticles have gained attention as antidiabetic
nanomaterials from past few years due to their glucose lowering effect [177]. Recently,
plant mediated synthesis of gold nanoparticles as antidiabetic nanomaterial have gained
attention to treat hyperglycemia and associated complications [178].

For example, gold nanoparticles synthesized using Chamaecostus cuspidatus (insulin
plant) exhibited 2.2- and 2-folds increase in blood glucose reduction and insulin levels
in comparison to diabetic control respectively. Further, reduced the total cholesterol
levels and wound size in diabetic rats by 1.4-folds in comparison to diabetic control

respectively [178].
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In addition, amongst various dendrimic forms, PAMAM poly(amidoamine) G4 is quite
popular as antidiabetic nanomaterial because of their unique molecular architecture and
easy functionalization with desire ligands that offers potential to reduce long-term
markers of hyperglycemia [177]. This makes them perfect nanocarriers for the longterm
management of hyperglycemia and in increasing the efficacy of antidiabetic
drugs/peptides to treat T2DM.

Gold nanoparticles as non-invasive drug carriers have been extensively used for
targeting drugs to their site of action [179]. Over the past few years, their unique colors,
tunable surface Plasmon resonance or typical electronic properties led their use in
biomedical applications [177]. Further, their chemical inertness and minimum toxicity
makes them suitable agents for drug delivery purposes [177]. Drug conjugated gold
nanoparticles have been intensively investigated as a carrier system [180].

For example, Perez-Ortiz et al. (2017), used gold nanoparticles for the functionalization
of incretin GLP-1analog to enhance their stability and absorption by coating with PEG.
The functionalization was accomplished by modifying the C-terminal region of GLP-1
analog by using cysteine residues. The GLP-1(7-37)-Lys(PEGCys)-NH2 conjugated
gold nanoparticles delivered higher proportions of peptide by exhibiting good
permeability across Caco-2 cells. In in vivo study, the developed nanoconjugate reduced
the blood glucose levels by 1.1-and 1.2-folds after 2h of intraperitoneal administration
in comparison to unconjugated GLP-1(7-37) Lys(PEGCys)-NH2 and native GLP-1
respectively [181].

In addition, dendrimers are polymeric globular hyperbranched macromolecules with
tree-like morphology in 3D nanostructure composed of a central core and branched
monomers with different reactive end groups on its corona. Its size ranges between 1-
100 nm [182]. Their ease of functionalization and control over its synthesis for desired
physicochemical properties makes them an interesting and effective nanocarrier for
desire molecules. Their unique physiochemical properties based on the modification of
functional end groups of dendrimers such as change in hydrophilicity, size, molecular
weight etc. contributes to its wide usage in pharmaceutical and biochemical applications
[183].

The family of dendrimers consists of poly (amidoamine) (PAMAM), poly
(propylenimine) (PPI), liquid crystalline (LC), core shell (tecto), peptide, glycol and
hybrid dendrimers [183]. Particularly, PAMAM dendrimers have been recently

investigated for their application in the delivery of drugs and therapeutic genes.
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As these offers optimized controlled drug release and itself provide antihyperglycemic
action in sustained manner as discussed above [177].

For example, Pyung-Hwan Kim et al. (2013), developed arginine-grafted poly
(cystamine bisacryl amide diamino hexane) (ABP)-conjugated PAMAM dendrimer
(PAM-ABP) using two-step transcription amplification (TSTA) plasmid system to
improve incretin-based therapy. In in vivo study, PAM-ABP/chimeric DNA polyplex
increased the expression of exendin-4 in diabetic mice by 1.5-, 1.3-and 2-folds than
PEIl/chimeric DNA, ABP/chimeric DNA or PAM-ABP/TSTA DNA respectively after
third day of i.v administration. The upregulation of exendin-4, induced cAMP mediated
protein kinase-A signalling stimulation in B-cells, that was 1.3-folds higher than other
DNA systems. This led to better insulinotropic effect in diabetic mice i.e. 1.3-folds
higher in comparison to PAM-ABP/TSTA DNA system. In addition, exhibited 1.3-
folds higher reduction in blood glucose levels than PEIl/chimeric and ABP/chimeric
DNA respectively after three days of its i.v administration. It was also successful in
reducing free fatty acid levels by 1.1-folds than other DNA systems respectively [184].
However, studies pertaining to its use in the oral delivery of antidiabetic drugs with
poor bioavailability has not been explored so far. Thus, dendrimer delivery of
antidiabetic drugs/peptides/proteins can provide feasible pharmacotherapy for the

better control of hyperglycaemia and its associated markers in T2DM patients in future.
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Table 2.4: A brief list of advanced delivery systems used for improving the bioavailability and antidiabetic effect of the drugs used to treat T2DM

Delivery system Drug Outcome Reference
Lipid Nanosystem
Glycerolphosphate— Metformin -In in vivo study, microcomlpexes showed 1.6- and 2.5-folds increase in AUC/Dand  [185]
Chitosan Tmax than aqueous solution of metformin.
Microcomplexation based liposomes -Offered controlled drug release due to reduced swelling of polymer in GIT that led
to reduced drug diffusion from microcomplexes and resulted in sustained
antihyperglycemic action
Anionic liposomes containing DSPE- ~ GLP-1 -In pharmacokinetic studies, GLP-1 liposomes (100 nmol/kg) upon i.v administration ~ [139]
PG8G, in rats increased the plasma GLP-1 levels by 3.6-folds than GLP-1 injection.
DPPC, Cholesterol and DPPG -Further, increased the insulinotropic effect by 1.7-folds than GLP-1 solution.
-Exhibited highest antihyperglycemic effect by reducing the AUCo.120 min OF glucose
by 49.2% than control respectively
Niosomes containing Span Metformin -In in vivo study, oral administration of niosomes increased the glucose reduction [186]
40/cholesterol effect of loaded metformin by 1.9-folds within 4h (Tmax) than free drug.
dicetyl phosphate and -The antihyperglycemic effect of loaded drug extended to 6-8h than free drug.
DOTAP -Further, the area above the blood glucose levels-time curve increased by 2-folds
than free drug respectively
Niosomes containing Span 60 and Gliclazide -In in vivo study, gliclazide niosomes exhibited sustained antihyperglycemic effect [187]
cholesterol for 12h in comparison to free drug.
-Further maintained significant hypoglycaemic effect of 25% for 12 h in comparison
to free drug for 2-3h, due to prolonged duration of drug absorption from niosomes.
SNEDDS containg Miglyol, Tween Glyburide -The loaded drug in SNEDDS showed complete drug release in 30 min, in contrast ~ [188]
80, PEG and Aerosol 200 to 16% by pure drug in the same time interval.
-In vivo studies revealed 1.82-and 1.93-folds increase in AUCg_24n), for S-SNEDDs
and L-SNEDDs respectively when compared with pure drug.
SNEDDS containing Cremophor RH  Glyburide -In in vivo pharmacokinetic studies, SNEDDS increased the AUC and Cmaix Of  [189]

40, propanediol and Miglyol 812

glyburide by 1.5- and 1.4-folds after oral administration in comparison to glyburide
micronized tablets respectively.
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SLNs containing Compritol® 888 Pioglitazone -In in vivo study, oral administration of SLNs increased the blood glucose lowering  [190]
ATO and tween 80 effect of pioglitazone by 1.1-folds in sustained manner up to 12h than free drug
respectively.
Precirol-based SLNs containing Glyburide -In in vivo study, drug loaded SLNSs reduced the blood glucose levels by 1.2-folds [191]
lecithin upon oral administration within 4h in comparison to free drug.
-The effect of drug loaded in SLNs was significantly higher and more prolonged than
free drug alone.
Micelles
Phospholipid complex enriched Repaglinide -The formulation demonstrated sustained release pattern i.e. 99% in 24h in [164]
micelles comparison to free drug with rapid release pattern in acidic pH 1.2.
-In vivo studies revealed 1.4-folds higher reduction in blood glucose levels and 2.1-
folds higher insulin secretion in diabetic rats upon oral administration than free drug
respectively.
-Further, reduced the overall plasma lipid profile by 1.1.-folds than free drug
Zwitterionic micelles (freeze dried Insulin -The formulation exhibited greater oral bioavailability of insulin i.e. 43.4%, which  [192]
powder into enteric coated capsule) was higher than polysorbate 80/insulin capsule i.e. 8.53% respectively.
-In vivo studies revealed 4-folds higher pharmacological activity (glucose reduction)
than polysorbate 80/insulin capsule respectively while native insulin (oral) exhibited
similar effects to that of saline.
-Further, exhibited 1.0-folds higher reduction in glucose levels in sustained manner
than native insulin (s.c.) respectively
Glucose responsive complex Insulin -In vivo studies revealed self-regulated insulin release that maintained [193]
micelles normoglycemia (0.9-2.0g/L) for longer duration due to “on-off” controlled release of
insulin i.e. for 16h upon s.c. administration in comparison to native insulin (for 5h)
and simple micelles (10h) respectively
MPEG-PCL based micelles Gliclazide -In vivo studies revealed, 1.1-folds higher reduction in blood glucose levels upon oral ~ [23]
administration of drug loaded micelles in comparison to free drug in sustained form
(21 days)
Benzoboroxole-containing multi- Insulin -In vivo studies revealed 20% reduction in blood glucose levels upon oral  [194]

armed poly(ethylene glycol)

administration of the formulation after 2h in comparison to insulin (s.c) that rapidly
reduced glucose levels by 20% in 1h
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amphiphilic dendrimer based
micelles

-Further, maintained normoglycemia for up to 10h due to increased permeation of
insulin through the mucus layer that eventually led good absorption by villi

Polymeric nanoparticles

Pectin nanoparticles Metformin -In vitro cell line studies revealed 1.5-folds increase in glucose uptake in red blood  [195]
cells and L6 skeletal muscle cells in comparison to free drug respectively
Eudragit L100 and Pluronic F-68 Glyburide In vivo studies revealed 1.7-folds increase in blood glucose reduction in comparison  [196]
based nanoparticles to free drug upon oral administration respectively
Further, reduced the tmin and glucose AUCo.10n by 1- and 3.8-folds in comparison to
free drug
Nanocrystals
Solidified nanocrystals Glyburide -In vivo pharmacokinetic studies of nanocrystal tablet dosage form revealed 5.6-and  [197]
2.2-folds increase in Cmaxand AUCq.24n upon oral administration in comparison to
marketed tablets respectively
Nanocrystals containing Lipoid Glimepiride -In vivo pharmacokinetic studies revealed 1.1-,1.8- and 1.5-folds increase in Crax,  [198]
S100, PVPK 30, and PEG 6000 AUCo.36n and Tmax Upon oral administration in comparison to marketed tablets
respectively
PLGA second generation Gliclazide -In vivo pharmacokinetic studies revealed 3.2- and 5.6-folds increase in Ciax and [199]
nanocrystals AUC.24n in comparison to pure drug respectively
-Further, revealed 2.2-folds increase in blood glucose level reduction in sustained
manner (biphasic pattern) after 24 hours of oral administration in diabetic rats
comparison to pure drug respectively
Miscellaneous
Dendronized chitosan using Insulin -In vivo studies revealed relative oral bioavailability of ~9.19% i.e. 1.7-folds higher ~ [200]
PAMAM than native chitosan/insulin nanoparticles
-Further, exhibited sustained antihyperglycemic effect for 8h in comparison to
subcutaneously administered insulin for 2h respectively without any systemic
toxicity in diabetic mice
Chondroitin sulfate-capped gold Insulin -In vivo studies revealed 6.6-folds increase in insulin concentration after 120 min of ~ [201]

nanoparticles

oral administration of insulin loaded gold nanoparticles in comparison to insulin
solution
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-Further, reduced the blood glucose levels by 1.4-folds after 4h than insulin solution
respectively

Gold nanoparticle conjugate Vildagliptin -In vitro studies revealed increased DPP-1V inhibitory activity by 2-folds in [180]
comparison to reference solution via non-competitive mode of inhibition
-Exhibited stability under GIT harsh microenvironment that indicated safety and long
term bioavailability
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2.8 Glyburide

Gly is a first generation sulfonylurea drug, which upon ingestion binds with sulfonylurea
receptor type 1 subunit of the ATP-sensitive potassium (K*) ion channel that are present
on pancreatic membrane of B-cells and suppress it. This causes increase in the K* ions
concentration in B-cells that ultimately results in depolarization or activation of the
calcium ion channels in B-cells. This increase in the influx of calcium ions further elicits
exocytosis of insulin producing granules and causes release of insulin into systemic
circulation [12,87]. The diagrammatic presentation is shown in Fig 2.3. Different

physicochemical properties of Gly are presented in Table 2.5.

Glucose
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Fig 2.3: Mechanism of action of Gly

70



Table 2.5: Physicochemical properties of Gly

Property Outcome
Description White colored crystalline solid powder
IUPAC Name 5-chloro-N-[2-[4-(cyclohexylcarbamoylsulfamoyl)phenyl]ethyl]-2-
methoxybenzamide
Additional Name Glibenclamide
Molecular Formula Ca23H25CIN305S O\\ H H
_ S
Chemical Structure O /\/@ 0 ) \O
Cl\@\)LN
H
O/
Molecular weight 494.0 g/mol
Melting point 169-170 °C
Solubility 0.01 mg/mL (Practically insoluble)
Log P 3.75
PKa 5.3

Being a BCS Class Il drug it possess low solubility and high permeability [202]. Its
poor aqueous solubility hinders them to reach the systemic circulation at a desired
concentration upon oral administration. This urge the need for frequent dosing of this
potent drug or the commencement of multidrug therapy, which causes unwanted
adverse effects especially GIT related in T2DM patients. Extensive work has been done
to improve dissolution and bioavailability of Gly as presented in aforementioned Table
4 highlighted in bold.

For instance, Cirri et al. (2007), reported 100% dissolution of Gly fast dissolving tablets
containing ternary solid dispersion. The best product was the 10:80:10 w/w ternary
dispersion with PEG 6000 and sodium lauryl sulphate, with dissolution efficiency 5.5-
fold greater than the reference tablet formulation and 100% drug dissolution after only
20 min [203]. Bachhav and Patravale, 2009, reported more than 90% Gly release from
Gly-SMEDDS in 5 min in both pH 1.2 and 7.4. However, stability studies indicated
substantial degradation of Gly in the developed SMEDDS [204].

Devireddy and Veerareddy, 2013, reported that solid dispersion of the Gly with vitamin
E TPGS at 1:0.3 (W/W) ratio showed increase in Gly dissolution within 25 min and
increase in the oral bioavailability (4.5-folds increase in AUCo-t) compared to pure Gly

respectively.
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Patil et al. (2017), prepared sustained release Gly loaded silica nanoparticles (250-
590nm) without any incompatibility. The results showed drug release in the range of
68.8— 87.8% over 24h respectively [205]. Mukherjee et al. (2020), prepared Gly loaded
glyceryl monostearate solid lipid nanoparticles which showed 87.82% drug release for
14 hours. It enhanced the dissolution profile of Gly but stability was not achieved with
the use of solid-lipid matrix [206]. However, the complete dissolution of Gly is still an
issue and in no case, exhaustive formulation studies have been performed. However,
despite the numerous attempts, concrete satisfactory results were not still achieved and
no commercial Gly products arising from these approaches are available.

2.9 Vanillic acid

VA is an aromatic phenolic acid, which is an oxidized form of vanillin and gives off a
pleasant odour [207]. It is used as flavouring agent in food industries [208]. VA has
been extracted from a variety of medicinal plants, amongst which, its higher amount
has been obtained from the roots of Angelica sinensis [207]. It is formed by secondary
metabolism in plants. Its traces have been identified in olives, cereals, whole grains,
fruits, green tea, juices, beers, and wines [209].

These are the constituents of regular diet consumed on daily basis. Thus, VA helps to
manage/reduce the oxidative stress on due to its antioxidant potential. Commercially, it
is used in argan oil, wine and vinegar because of its acidity. Amongst the dietary
sources, its highest content is found in dried fruits (4.13 mg/100g) and in sweet basil
(14 mg/100 g) (http://phenol-explorer.eu/contents/polyphenol/414) (Accessed on 25
October 2021).

It is also a metabolic byproduct of caffeic acid and its traces have been identified in

human urine. Ebinger, in 1976, identified VA as one of the endogenous biochemicals
derived from catecholamines. It was also identified in various parts of the human brain
(cortex, striatum, thalamus, cerebellum, brain stem and hypothalamus) and
cerebrospinal fluid (CSF) [210]. Its natural antioxidant and antimicrobial property
caught attention of researchers of food and therapeutic science. The physiochemical

properties of VA are presented in Table 2.6.
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Table 2.6: Physicochemical properties of VA

Property Outcome
Description Slightly/pale yellow crystalline solid powder
IUPAC Name 4-hydroxy-3-methoxybenzoic acid
Additional Name Acide vanillique,
Benzoic acid
Molecular Formula CgHsO4
Chemical Structure O
o]
~ OH
HO
Molecular weight 168. 15 g/mol
Melting point 211.5°C
Solubility 1.5 mg/mL at 14 °C (slightly soluble in water; soluble in organic solvents)
Log P 1.43
PKa 45

2.9.1 Botanical sources of VA and their geographical distribution

Phenolic acids are the aromatic natural phytochemicals, which consist of a phenolic
ring and a carboxylic functional group in their chemical structure. These are found in
abundance in many plant species and are largely consumed via diet. Phenolic acids are
broadly classified into two types i.e. hydroxybenzoic acid derivatives and
hydroxycinnamic acid derivatives. Each phenolic acid varies chemically, depending on
the number and position of a hydroxyl group at the aromatic ring. VA is an example of
hydroxybenzoic acid [3]. It is identified in many plant species, vegetables, fruits and
several kinds of cereals [211]. Various botanical sources of VA and their geographical
distribution are discussed in the subsequent sections.

2.9.1.1 Actinidia species

Traces of VA are found in Actinidia deliciosa and Actinidia eriantha, which belong to
family Actinidiaceae [212,213]. Both the species are native to southern China (colder
regions) and the genus has wide geographic distribution in eastern Asia [214]. A.
deliciosa (kiwi fruit) is the most common and is commercially available natural source
of VA. It is cultivated and commercialized in New Zealand, India and Italy [214].The
fruits of A. deliciosa plant contain VA as a major bioactive compound. “Hayward”
cultivar of A. deliciosa from New Zealand is of the best quality due to its higher

nutritional value [215].
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However, the highest proportion of VA is obtained from the fruits of A. eriantha and
its cultivar “Bidan”, which is largely cultivated in Korea [212,216,217].

2.9.1.2 Angelica decursiva

This plant belongs to family Umbelliferae and is widely distributed in Korea, Japan,
and China [218]. It is a rich source of coumarin derivatives but the dried methanol
extract of the whole plant has been reported to contain VA [219,220]. Mainly, it was
isolated in the ethyl acetate fraction during the extraction from the whole plant [220].
2.9.1.3 Leonurus sibiricus

This plant is commonly known as “honey weed”. It belongs to the family Lamiaceae.
It is native to China, Russia and Mongolia. Besides, it is also widely distributed in
Japan, Korea, Vietnam, and southern Siberia. VA has been identified in the transformed
root extract of this plant [221].

2.9.1.4 Berberis orthobotrys

This plant belongs to the family Berberidaceae [222]. It is cultivated in the eastern and
southern regions of Iran [223]. The presence of VA with other bioactive constituents
has been identified in aqueous methanol extract of B. orthobotrys [224].

2.9.1.5 Angelica sinensis

Angelica sinensis (Oliv.) Diels is a popular medicinal plant in China which belongs to
the family Umbelliferae [207]. This plant is cultivated at high-altitude mountainous
regions especially in outlying areas of China i.e. Qinghai, Gansu, Sichuan, and Yunnan.
Among these, Gansu produces the highest yield of VA i.e., 90% of the total Chinese A.
sinensis production [225]. The highest fraction of VA is obtained from the roots of this
plant. Some of the recent studies have identified the presence of VA in Angelica stem
as well [207].
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2.9.1.6 Cucurbita pepo

This plant belongs to family Cucurbitaceae, and is commonly known as “pumpkin”
[226]. This plant is native to America and got distributed to other countries via
transoceanic voyagers [227]. The pumpkin seeds have traditional value due to their high
nutritional and medicinal properties and have been recently reported as a rich source of
VA [226]. The amount of VA identified in the different parts of afore-mentioned
medicinal plants with appropriate extraction techniques is presented in Table 2.7. The
extraction methods reported so far for the isolation of VA have been summarized in Fig
2.4,
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Table 2.7: Amount of VA isolated from different parts of medicinal plants

Botanical source Parts/extract Extraction/Isolation technique  Quantification Yield (ug/g) References
A. deliciosa Fruit Aqueous extraction HPLC 5.41 [212]
A. deliciosa Pulp extract Organic solvent extraction GC-MS 34000 [228]
A. eriantha Fruit Aqueous extraction HPLC 7.15 [212]
A. decursiva Whole plant Organic solvent extraction HPLC 39.3 [220]
L. sibiricus Transformed root extract Ultrasonic extraction HPLC-ESI-MS/MS 3390 [229]
B. orthobotrys Crude extract Cold maceration process HPLC 4.4 [224]
A. sinensis Roots Ultrasonic extraction GC-MS 1300 [207]
A. sinensis Stem Ultrasonic extraction GC-MS 1160 [207]
C. pepo Seeds Vacuum filtration HPLC 18000 [226]
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2.9.2 Pharmacological activity of VA in T2DM

Several studies have demonstrated the role of VA in ameliorating obesity condition by reducing
lipid and inflammatory markers. Further, indicated the potential for its use in obesity associated
hepatic insulin resistance. For instance, Feng et al. (2007), revealed that VA derivative from
Cladophora socialis suppressed protein tyrosine phosphatase 1B, which is involved in negative
modulation of insulin signalling in cell and its inhibition enhances insulin sensitivity [230].
Another study demonstrated the antihyperglycemic effect of VA in high-fat diet (HFD) fed rat
model (Fig 2.5). The results showed that four-week treatment of VA-induced down-regulation
of COX-2 and MCP-1 protein expression in HFD fed rats. It also increased the hepatic
phosphorylated ACC protein expression with reduced hepatic non-esterified fatty acid (NEFA)
levels [17].

Treatment of VA for 112 days was reported to ameliorate the hepatic insulin resistance by
increasing the expression of insulin receptor, PI3K and glucose transporter 2 (GLUT-2) protein
in HFD fed rats [25].

Jung et al. (2018), reported the anti-obesity effect of VA in an in vivo study. It stimulated
AMPKa- and thermogenesis in obese mice and reduced two major adipogenic markers,
peroxisome proliferator-activated receptor y (PPARy) and CCAAT/enhancer-binding protein o
(C/EBPa) [18]. Inanother similar study, VA stimulated thermogenesis in adipocyte by increasing
the mMRNA expression of thermogenic gene uncoupling protein 1 (UCP1) and mitochondrial
specific proteins (ATP5A, NDUFB8, NRF2). Besides, it activated transcription factors in beige
cells and upregulated the expression of brown like adipocyte marker [231].

Mahendra et al. (2019), in an in vitro study, reported that VA exhibited glucose-stimulated insulin
release in INS-1 cell line and in quarantined rat pancreatic B-cells via the activation of cyclic
adenosine monophosphate-protein kinase A pathway, followed by phosphorylation of
extracellular signal-regulated kinase %2 [232].

VA has also been explored in the effective management of DM associated complications such as
diabetes associated oxidative stress, inflammation, neuropathic pain, and cardiovascular
complications. For instance, Ji et al. (2020), reported that oral administration of VA at dose 50
mg/kg in STZ-induced diabetic rats reduced HbAlc and glucose levels, increased insulin levels
near to glyburide and reduced the levels of inflammatory markers. This indicated potential role
of VA in managing diabetes associated oxidative stress and inflammation [233]. In one of the
studies, oral administration of VA at dose at dose 100 mg/kg ameliorated neuropathic pain by

inhibiting neuroinflammatory responses, increasing the levels of glutathione, and improving
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motor neuron conduction [234]. In another study, VA (50 mg/kg) treatment in HFD fed rats for
8 weeks resulted in a significant decrease in FGLs, insulin and blood pressure levels in
comparison with diabetic control group. The antioxidant activities were significantly increased
and the levels of lipid peroxidation markers were significantly decreased in diabetic hypertensive
rats treated with VA [25].
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Fig 2.5: Proposed mechanism of action of VA in improving insulin resistance
Abbreviations: ACC, Acetyl CoA carboxylase; NEFA, Non-esterified fatty acid; MCP-1, Monocyte chemoattractant
protein-1, GLUT-2, Glucose transporter-2, COX-2, Cycloxygenase-1.

2.9.3 Safety studies of VA

Toxicity potential of VA needs to be evaluated to rule out any harmful effects caused by it.
Administration of VA (1000 mg/kg) for 14 days, was reported to be devoid of toxicity and
mortality in Wistar rats. The lethal dose (LDso) of VA in rats and mice was reported to be 5020
mg/kg and 2691 mg/kg respectively upon intraperitoneal administration [235]. Erdem et al.
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(2012) reported dose-dependent toxicity of VA in human peripheral lymphocytes. It was
observed that VA, at a dose of 2 pug/mL, exhibited genotoxic effect (DNA damage) and upon
combination with mitomycin C, its genotoxic effect was enhanced. Whereas, at lower dose (1
ug/mL), it was found safe when administered alone or in combination with mitomycin C [236].
In another study, four days’ treatment of VA (100 uM) showed non-cytotoxic effect on Rattus
norvegicus hepatoma cells, whereas at higher dose (500 uM), it induced DNA breakdown in
MTT assay [237]. Similarly, it displayed no cytotoxic and genotoxic effect in Chinese hamster
ovary cells and human lymphocytes at a dose of 168 mM [238]. In another study, VA at a dose
of 50 uM in one-day treatment was found safe on rat hippocampus embryonic cells [239].

2.9.4 Future direction

Herbal drugs have been used since ancient times to treat various diseases and they are still being
used as traditional and alternative systems of medicines such as Ayurveda. Their therapeutic
potential has attracted people for using them as nutraceuticals for prophylaxis of many metabolic
diseases that occur due to oxidative stress, such as obesity, diabetes, cardiovascular diseases etc.
As per the report of 2019, it has been reported that the global herbal medicine market size was
estimated to be US$ 83 billion and this is expected to reach US$ 550 billion by 2030 at a
compound annual growth rate of 189% by the end of 2030
[https://www.globenewswire.com/en/news-release/2021/02/16/2176036/0/en/Herbal-Medicine-
Market-Global-Sales- Are-Expected-To-Reach-US-550-Billion-by-2030-as-stated-by-
insightSLICE.html] (Accessed on 26 October, 2021). VA is one such potent nutraceutical that is
commercially isolated from kiwi fruits and A. sinensis. It is being used since many decades as
flavoring agent in bakery items as well as beverages. Though it is reported to possesses excellent
antioxidant, anti-inflammatory, anticancer, neuroprotective, antidiabetic, cardioprotective as
well as hepatoprotective properties, its commercial application as a therapeutic agent is relatively
unexplored due to lack of awareness about its therapeutic potential among public. Various
mechanistic pathways through which VA can offer therapeutic effect in treating neurological and
cardiovascular disorders, cancer, diabetes, as well as other diseases have been deciphered. These
include upregulation of p53 expression and stimulation of apoptosis via mitochondrial caspase
activation, interruption in protein expression levels involved in HIF-1a activation in tumor cells,
inhibition of biological targets that are involved in disease’s pathophysiology etc. The favorable
safety profile of VA as reported in the scientific literature strengthened by the fact that it has been

used for centuries as a flavoring agent make VA a potential therapeutic candidate. The various
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mechanistic pathways of its actions, as discussed above, particularly make it an ideal candidate
to synergize the therapeutic potential of the existing drugs.

However, its dissolution rate limited oral bioavailability due to its poor aqueous solubility needs
to be enhanced to explore its full potential. Hence, it is important to develop novel approaches
for improving its aqueous solubility. These may include nanosuspension, lipid based
nanoformulations such as liposomes, nanoemulsions, solid lipid nanoparticles, nanostructured
lipid carriers and polymeric micelles. Moreover, clinical trials must be designed to explore its
synergistic potential along with existing drugs for the treatment of infectious as well as lifestyle
diseases.

2.10 Amphiphilic Block Copolymers

The ABCs consisting of both hydrophilic and hydrophobic blocks connected through covalent
bond with an ability to self-assemble in a specific solvent are able to mimic the biological
systems [240]. These are generally made of biocompatible, non-immunogenic, biodegradable
lipophilic blocks i.e., polyesters or poly (amino acids) attached with biologically compatible
hydrophilic blocks usually PEG [241]. In recent years, significant progress has been made to
design various ABCs with different combinations and varying block length by controlled/living
radical polymerization techniques [242,243]. This technique further includes atom transfer
radical polymerization, reversible addition-fragmentation chain transfer or nitroxide mediated
polymerization. Such techniques are widely employed in the synthesis of copolymers. These
techniques are preferred over conventional polymerization techniques based on the parameters

presented in Table 2.8.
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Table 2.8: Conventional polymerization Vs. controlled radical polymerization techniques [242,244-252]

Parameters Conventional polymerization Controlled radical polymerization techniques
techniques
Chemical » Chemically incompatible » Offer compatibility with various
compatibility with various monomers chemically distinct monomers
» Sensitive to functional » Resistant to functional groups
groups
Purity » Presence of impurity in » Eliminates impurity from designed ABCs
designed ABCs
Degree of » Provide uncontrolled » Offer controlled degree of
polymerization polymerization of polymerization
monomer unit
Polydispersity » Other side reactions » Offer narrow molecular weight
provide multimodal distributions (Dispersity <1.1)
distribution (Dispersity>2)
Molecular » Provide no control over » Provide control over molecular weight
weight molecular weight
Chain » Irreversible chain > Reversible chain termination
termination termination

The ABCs produced by polymerization of more than one type of monomer result in generation
of molecule having opposite affinities in aqueous medium. Thus, broad range of ABCs with
unique characteristics can be formed depending on the type of monomer and variable block
numbers. Production of two monomers with different chemical characteristics forms di-block
copolymer and production of three distinct monomers in which either two monomers can be
chemically same (ABA type) or all the three monomers can be chemically different (ABC type),
form tri-block copolymer [249,253]. In addition to this, graft copolymers are also available.
These consist of backbone chains with several branches of different macromolecular chains

having distinct chemical composition bounded by covalent bonds. These are randomly

distributed along the backbone chain as presented in Fig 2.6 [254].
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Fig 2.6: Chemical structures of different amphiphilic molecules

Self-assembly of amphiphilic molecules involves weak forces such as hydrogen bonding,
hydrophobic effects, electrostatic interaction and van der Waals forces. However, overall
strength of each interaction results in strong interaction, which is sufficient to embrace the
different amphiphile molecules together and ensure stability in solution as well. These weak
forces make the self-assembled structure more flexible and impart resistance for minor
perturbation. These impart reversibility to the self-assembled structures upon their preservation
[240].

2.10.1 Amphiphilic Polymeric Micelles

The APMs are formed from amphiphilic block copolymers (ABCs) that consist of hydrophilic
and hydrophobic segments. These ABCs above their critical micelle concentration (CMC) self-
assemble into nanoscopic supramolecular configuration i.e., micellar structure containing
corona formed from hydrophilic block and core formed from hydrophobic block respectively
as shown in Fig 2.7 [241,255-261]. The ABCs undergo reversal of orientation in hydrophobic
media to form reverse micelle as well [262]. The size of APMs ranges from 10-100 nm [263],

which prohibits their accumulation in organs [264]. Core of APMs has potential to encapsulate
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more than one lipophilic drugs at a time with targeting ability at site of interest. PEGylated
corona of APMs exhibits prolonged circulation time in the blood offering enhanced intracellular

accumulation, controlled and sustained drug release [265,266].
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Fig 2.7: Self-assembly of ABCs into APMs

APMs owe their clinical advantages due to their low CMC (0.1-1uM) [267,268], metabolic
stability, and enhanced solubilization of lipophilic drugs [269-273]. APMs can overcome
limitations of the oral delivery of lipophilic drugs by acting as carriers that can enhance drug
absorption, by providing protection to the loaded drugs from the harsh environment of the Gl
tract, release of the drug in a controlled manner at target sites, prolongation of the residence
time in the gut by mucoadhesion, and inhibition of efflux pumps to improve the drug
accumulation [274]. This is achieved by the hydrophilic corona that confers aqueous solubility
upon exposure to the aqueous environment of the GIT.

The core of PMs provide protection to the entrapped therapeutic drug (depending on to the
nature and physicochemical properties) from the harsh environment of the GIT via hydrophobic
interactions [275]. Further, improves the drug absorption by enhancing the intestinal
permeability owing to the ABCs that increases the fluidity of the membrane or loosen the tight
junctions for paracellular passage [276].

For instance, Dian et al. (2014), reported increase in the oral bioavailability of quercetin by
286% with 2.1-folds longer half-life upon loading it in Polaxamer 407 and Soluplus® based
mixed PMs [277]. In another study, Zhang et al. (2016), reported 2.0-folds increase in the AUC
and Cmax of the PTX upon loading in Solutol HS 15 and D-a-tocopheryl polyethylene glycol
succinate based PMs. This resulted in increase in the antitumor efficacy (p<0.05) of the drug

against breast cancer than that of free drug respectively [278].
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Therefore, PMs can be designed to cross the intestinal barriers by using permeation enhancers
such as cationic polymers (e.g., chitosan and its derivatives), anionic polymers (e.g., polyacrylic
acid and its derivatives), or calcium chelators (e.g., ethylenediaminetetraacetic acid) in the
copolymer network. Further, PMs can be designed for active transcellular transport to enhance
the oral bioavailability of the loaded cargo. This mainly involves phagocytosis,
macropinocytosis, clathrin-mediated endocytosis, and caveolin-mediated endocytosis [279].
2.10.2 Factors affecting physicochemical properties of APMs

There are various factors, which govern the physicochemical properties of APMs. These
include size, shape, CMC and surface charge. Size is an important parameter to govern the
bioavailability, penetration and site-specific delivery of APMs. APMs of small size increase the
bioavailability and penetration of drug [280] and offer passive targeting to tumors by enhanced
permeation and retention effect [281,282].

The size of APMs can be optimized by controlling ABCs based factors, formulation and
processing parameters. ABCs based factors include molecular weight and effect of block
length/hydrophobicity while formulation and processing-based parameters include drug to
copolymer ratio, temperature, composition of solvent/co-solvent system, concentration of
copolymer and type of solvent used.

Size of APMs is influenced by change in molecular weight of blocks in ABCs. Increase in the
molecular weight of both the hydrophilic and hydrophobic blocks is reported to increase the
size of APMs. Bas et al. (2012), reported that increase in the molecular weight of hydrophilic
block (PHPMA) of copolymer PHPMA-b-PDMS-b-PHPMA increases size by 2.1-folds [283].
Bagheri et al. (2018), reported that increase in molecular weight of the hydrophobic block
(HPMA) of copolymer MPEG-b-p(HPMA-BZ) increases size by 1.6-folds [284].

Increase in core to corona block length of copolymer increases aggregation number of
copolymers, and reduces CMC of amphiphilic molecules. This ultimately reduces the size of
APMs. Change in any of the above-mentioned parameter affects the size of APMs. Li et al.
(2011), reported that increase in core to corona block length (PBMA/PAM) by 7.7-folds
resulted in increase in the aggregation number of copolymers by 5-folds. This reduced the CMC
value by 2.6-folds, and ultimately decreased the size by 1.7-folds. However, increase in corona
block length (PAM) in copolymer with constant core block length increased size by 1.7-folds
[285].

Glavas et al. (2013), reported that the length of core forming block is a dominating factor in

controlling the size of APMs. PEG-PeDL copolymer with increased core block length increased

85



the size of APMs as compared to PEG-PCL respectively. PEG-PeDL copolymer with
amorphous core (higher CMC) increased the size of APMs by 2-folds with increase in core
block length than PEG-PCL with semi-crystalline core. However, despite of difference in core
crystallinity, no significant difference in size was observed by keeping core block length
constant [286].

Shape of APMs primarily affects their solubilization efficiency i.e., it depends on to the locus
of drug solubilization in APMs. Solubilization of drugs in core increases with increase in
asymmetry of APMs, as it leads to an increase in the relative volume of core [287]. APMs are
mostly spherical in shape and can exist in other morphological forms, which depends on ABC
based parameters. This include (i) hydrophilic volume fraction, f, (ii) block length and (iii)
heterogeneity in block structure.

APMs formed from copolymer with corona block content more than 30% at physiological
temperature and f greater than 45% exist in spherical shape [288]. Spherical morphology
intensely reduces the exposure of hydrophore to the bulk aqueous solution with steric
stabilization and shows shear thinning rheological property [289,290]. Copolymer with longer
core block chain forms APMs of cylindrical (worm and rod like) shape. Branched or even brush
like corona promotes the formation of unimolecular star micelle by lowering the aggregation
number [291,292].

The ABCs of different shapes such as cyclic, tadpole and linear are able to form various micellar
topologies [293]. This include prolate and oblate ellipsoid micelles, respectively as presented
in Fig 2.8. Cvejic et al. (2014), reported 4.6-folds increase in the resveratrol solubilization in
sodium 3a,12a-dihydroxy-7- oxo-5B-cholanoate based APMs of longitudinal shape as
compared to that in sodium dodecyl-sulfate based APMs of spherical shape [294].
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Fig 2.8: Various topologies of micelles obtained by amphiphilic block copolymer

Surface charge of APMs has strong impact on the stability of APMs and in targeting the
delivery of drugs [295,296]. PEG-b-PCL based APMs with attached NH functional group
displayed aggregation behavior in the presence of bovine serum albumin due to strong
electrostatic interaction between oppositely charged APMs and serum albumin protein.

On the other hand, no aggregation behavior was reported in APMs composed of negatively
charged carboxyl group, neutral methoxy group and mixed charged APMs composed of
carboxyl and amino group. In order to combine the advantages of both the positively and
negatively charged APMs, the design of mixed charged APMs is also reported. This offers
excellent stability, prolonged circulation time in blood and efficient cell uptake [296].

CMC of ABCs govern the stability of APMs. The lower the CMC value, the higher will be
the stability of APMs. CMC of ABCs is primarily affected by properties of core forming
blocks such as hydrophobicity, degree of crystallinity, and core/corona ratio [270]. Increase
in hydrophobicity of core forming block results in improved thermodynamic stability to APMs
[297].

The crystallinity of core forming blocks plays an important role in the stability of APMs. The
semicrytalline nature of core forming blocks provides higher thermodynamic stability than
that of the amorphous ones [298]. Increase in core/corona ratio at fixed corona block length
has been reported to reduce the CMC value of copolymer. This leads to the formation of stable
APMs [270,299].
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2.10.3 Methods of preparation of APMs

There are various methods used in the formation of APMs, which include chemical
conjugation, and physical methods. These methods are commonly used and widely accepted
for the development of micellar drug delivery systems. The detailed description of each
method and the challenges associated are discussed in subsequent sections.

2.10.3.1 Chemical conjugation method

Helmut Ringsdorf in 1975 introduced the concept of covalently bound polymer-drug
conjugates for the delivery of small lipophilic molecules. He proposed the model of
pharmacologically active polymers, which were highly biocompatible and used for three
different purposes, i.e., (i) as solubilizers for imparting hydrophilicity, (ii) for drug binding
via bonds, and (iii) as targeting moiety for delivery of drugs to desired destination. The
aqueous solubility of lipophilic drugs gets improved by their conjugation with water-soluble
polymers.

In addition to this, the polymer-drug conjugates offer targeted delivery of drugs, which further
improves efficacy and reduces toxicity [300,301]. This concept of polymer-drug conjugates
has been widely explored in the formulation of nanomicellar based drug delivery systems. In
this, the covalent conjugation of drugs to hydrophobic segment of copolymer of choice leads
to successful encapsulation upon their self-assembly in aqueous medium.

2.10.3.2 Physical methods

These methods were developed in late 1980s. Physical method of APMs formation allows
incorporation of drug and copolymer in a specific organic solvent/aqueous buffer having
complete solubility in it. Selection of solvents depends on the HLB value of the ABCs. Most
of the methods under this category require the use of organic solvent and their subsequent
removal from the micellar solution enabling the formation of drug loaded APMs in aqueous
medium. This method is preferred over chemical conjugation, as it does not require
modification of drugs for conjugation.

Several materials can be physically incorporated into the core of APMs, such as contrast
agents, fluorophore, hydrophobic dyes etc. This method allows modification of both
molecular parameters of copolymer and critical process parameters for the formation of APMs
of required physicochemical property [298]. Methods, which are commonly used for the
formation of drug-loaded APMs are discussed in the subsequent sections with diagrammatic

presentation as shown in Fig 2.9.
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2.10.3.2.1 Direct dissolution method

It allows easy formation of drug loaded APMs by directly dissolving both drug and copolymer
(high HLB value) in aqueous solvent (Fig 5A) [302-305]. This method provides good
solubilization of lipophilic drugs in APMs. However, it is associated with low EE [306].
2.10.3.2.2 Dialysis method

It requires copolymers with less HLB value to form APMs by solubilizing them and the drug
in water-miscible organic solvent. This solution is dialyzed against water. This favors
formation of APMs after complete removal of organic solvent (Fig 5B) [302,304,307]. This
method is advantageous in terms of ease of controlling process parameters. However, this
method has serious limitations such as extended period of dialysis to ensure complete removal
of organic solvent, low EE, low yield, poor stability and large size [288,302,304,307,308].
2.10.3.2.3 Thin film hydration method

In this method, both the drug and copolymer (low HLB value) are dissolved in a common
organic solvent in a round bottom flask. A thin film of drug-copolymer is formed after
evaporation of organic solvent by rotary vacuum evaporation. Hydration of dry thin film
facilitate the formation of APMs (Fig 5C). The major advantages of this method include easy
experimental set-up and suitability for small to mid-size batches [297,309,310]. However, the
associated limitations include poor scalability due to size restrictions of round bottom flask
and rotary evaporator capacity [311,312].

2.10.3.2.4 o/w emulsion solvent evaporation method

The method is also known as “liquid antisolvent precipitation method”. In this, the drug and
copolymer are dissolved in organic solvent and added to water in a controlled manner. Here,
water serves as an antisolvent. This mixture is emulsified using high-speed homogenizer. The
evaporation of organic solvent leads to the formation of APMs (Fig 5D) [313,314]. The major
advantages of this method include its scalability potential and better control of processing
parameters. This method is associated with poor control over size [311].

2.10.3.2.5 Direct freeze-drying method

It involves the use of organic solvent/water system to dissolve drug and copolymer. Tert-
butanol is commonly used as organic solvent in this method. Both drug and copolymer are
dissolved in mixture of organic and aqueous solvent and lyophilized to form dried powder that
forms APMs upon reconstitution (Fig 5E). The advantages of this method include good drug
loading efficiency, sterility assurance, better stability and large-scale production of APMs
[87,110]. The main limitation of this method is the risk of the presence of residual organic

solvent in the final product [311].

89



2.10.3.2.6 Fast heating method

The method is generally applied for thermosensitive block copolymer. Its solubilization in
distilled water or aqueous buffer with heating at temperature below to above critical micelle
temperature leads to the formation of APMs (Fig 5F). The major advantages of this method
is its simplicity, scalability, and requirement of very less organic solvent to solubilize drug of
interest. However, this method is rarely used for the formation of APMs, as its application is
limited to thermosensitive polymers. Moreover, the issue regarding the thermodynamic
stability of polymers is the major drawback of this method [315,316].
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2.11 Therapeutic applications of APMs in T2DM

2.11.1 Oral drug delivery

APMs have been widely explored in improving the oral bioavailability of poorly water-soluble
drugs especially chemotherapeutic drugs with controlled release properties [317]. This has
attracted the attention of many researchers for their further exploration in the delivery of
synthetic anti-diabetic drugs having poor pharmacokinetic profiles [318]. Despite extensive
advancements in drug delivery systems, the frequent dosing of synthetic anti-diabetic drugs
due to immediate release profile offers an increased risk of side effects in long run [7,178,319].
This has shifted the focus of researchers on micellar-based drug delivery systems that offer
controlled release property. As a result, augment the therapeutic efficacy of loaded cargoes
with reduced dosing frequency and safety in long run [19]. In addition, these protect drugs
from their burst release due to strong hydrophobic interaction with the micellar core, which
increases their availability in systemic circulations. Further, they offer improved intestinal
permeability to enhance the absorption of loaded drugs into systemic circulations upon oral
delivery [320-323].

For instance, Danafar et al. (2018), developed gliclazide loaded PMs composed of methoxy
poly (ethylene glycol)-polycaprolactone to enhance the therapeutic efficacy of the drug. The
PMs released more drug at pH 5.5 i.e., (78 %) than at pH 7.4 (72 %) over a period of 120 h in
a sustained manner. The sustained pattern of drug release from PMs was attributed to the
strong hydrophobic interaction of the drug with the micellar core. The in vivo studies revealed
about 1.1-folds higher reduction in blood glucose levels upon oral administration of drug-
loaded PMs in comparison to the free drug in sustained form (21 days) [7].

Han et al. (2020), developed zwitterionic betaine PMs composed of polycarboxybetaine and
1,2-distearoyl-sn-glycero-3-phosphoethanolamine for in vivo oral insulin delivery. The in
vitro study revealed higher penetration of the developed PMs across intestinal epithelium via
proton-assisted amino acid transporter-1 (PAT-1) that is responsible for the penetration of
betaine and its derivatives. These PMs did not disrupt the integrity of tight junctions upon
exposure to monolayer Caco-2 cells while the blank PMs disrupted the tight junction protein
ZO-1. In addition, the developed PMs decreased the blood glucose levels by 1.2-folds in
diabetic mice in comparison to native insulin. This indicated improved intestinal absorption
of the developed PMs for oral insulin delivery. Therefore, these PMs exhibited 4-folds higher

in vivo pharmacological activity in comparison to non-zwitterionic PMs [324].
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2.11.2 Stimuli-triggered insulin delivery

To improve the patient compliance and glucose homeostasis of insulin, the oral route is
considered a convenient administration route, which is safe and non-invasive [8]. However,
the poor permeation across intestinal mucus, low absorption and bioavailability of oral insulin
formulations hamper their clinical translation [325,326]. To resolve this issue, PMs as an
effective nanocarrier have been reported to increase the absorption of insulin in the
gastrointestinal tract and facilitated insulin uptake via transcellular/paracellular pathway upon
oral administration [279].

In addition to this, PMs have been reported to provide targeted delivery of insulin at intestinal
and neutral pH without opening tight junctions with high controlled release than that at gastric
pH [165]. This indicated good stability of PMs in the gastric environment and stealth property
in systemic circulations [327]. Thus, PMs resulted in efficient delivery of insulin upon oral
administration.

For instance, Hu et al. (2013), reported the formation of pH-responsive cationic polymeric
micelles (PCPMs) formed from poly(methyl methacrylate-co-methacrylic acid)-block-poly(2-
amino ethyl methacrylate) for oral insulin delivery. The developed PCPMs exhibited sharp
pH-sensitive behaviour with change in particle size, which allowed increased absorption of
insulin in the alkaline environment of the gastrointestinal tract. An increase in pH from 1.8 to
6.0 exhibited a decrease in size while further increment in pH from 6.0 to 7.4 resulted in
increased size. This was attributed to increased ionization of methacrylic acid segment with
an increase in alkaline pH that induced swelling of PCPMs. The swollen PCPMs released the
loaded insulin at pH 7.4 in a sustained manner (more than 50%) than at pH 1.2 (30%) for a
period of 6h respectively. This indicated low burst release of loaded insulin at acidic pH
without any cytotoxicity [328].

Similarly, Bahman et al. (2020), reported that the pH-sensitive PMs composed of poly
(styrene-co-maleic acid) loaded with insulin increased the 2-deoxyglucose uptake by 15% in
HepG-2 cells in comparison to free insulin over a period of 1h respectively. Further, it led to
a larger accumulation of fluorescent 2-deoxyglucose in HepG-2 cells while free insulin failed
to accumulate fluorescent 2-deoxyglucose. The PMs exhibited low burst release in simulated
gastric fluid and released almost 23% of loaded insulin in pH 7.4 over 36 h in a controlled
manner. In addition, PMs enhanced the transport efficiency of insulin across the intestinal

ileum by 2-folds than duodenum and by 3.6-folds than jejunum segment respectively [166].
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The in vivo study revealed 1.5-folds higher decrease in blood glucose levels by insulin loaded
PMs in comparison to diabetic control upon oral administration. Moreover, the repeated oral
administration of insulin loaded PMs exhibited higher blood glucose reduction (p<0.05) in
comparison to a single dose over 4h. However, the reduction in blood glucose levels by oral
insulin loaded PMs was 4-folds lower in comparison to subcutaneously administered insulin
loaded PMs respectively. Therefore, optimization of PMs is required to enhance the oral
efficacy of insulin [166].

Based on the aforementioned properties, APMs have reached clinical trials and currently there
is one insulin formulation based on APMs named as “Oral-lyn™” (Generex Biotechnology
Corporation). It has a size of 7 nm designed for oral insulin delivery via local trans-mucosal
absorption and is under phase 111 clinical trial to treat T1/T2 DM [143].

2.11.3 “On-Off” insulin release

Recently, various types of APMs composed of two hydrophilic blocks have been designed for
self-regulated insulin delivery in response to physiological blood glucose levels and
temperature (stimuli-triggered “on-off” insulin release) [329]. This includes, zwitterionic
dialdehyde starch-based APMs, pH-responsive cationic APMs, complex APMs etc. [330—
333].

For instance, Zhao et al. (2012), developed glucose-responsive polypeptide PMs composed of
phenylboronic acid-functionalized block copolymer i.e., monomethoxy poly(ethylene glycol)-
b-poly(L-glutamic acid-co-N-3-L-glutamylamidophenylboronic acid) for self-regulated
insulin delivery. These PMs exhibited 1.5-folds increase in insulin release in phosphate buffer
(pH 7.4) in 14h in comparison to PMs containing lower units of phenylboronic acid units in
its side chain [334].

This was attributed to a higher fraction of poly glutamylamidophenylboronic acid units in the
PMs that led to an increase in permeation of glucose molecules to form a hydrophilic complex
in the micellar core. This resulted in swelling of the micellar core followed by disassembly of
PMs that favoured faster insulin payloads [334].

In addition to this, these PMs exhibited glucose-responsive insulin release at pH 7.4 with an
increase in glucose concentration in the medium. About 1.6-folds higher insulin release was
observed in the medium containing 10mg/mL of glucose than in medium containing 5mg/mL
of glucose concentration. Further, the bioactivity of released insulin in the medium was
retained after being released from the developed PMs and was found hemocompatible and
non-toxic [334].
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Wen et al. (2018), developed zwitterionic dialdehyde starch-based complex APMs composed
of sulfobetaine as corona attached with dialdehyde starch backbones with 3-
aminophenylboronic acid (SB-DAS-APBA) as a glucose-responsive group for triggered oral
insulin delivery with reduced macrophage response. The developed APMs got disaggregated
in response to varying glucose concentration in phosphate buffer (pH 7.4) as measured by the
change in particle size of the APMs [331].

However, in response to increased glucose concentration, the size was increased by 1.0-fold
by the developed APMs in comparison to nonionic APMs with mPEG and dialdehyde starch
groups. This indicated enhanced disintegration of the APMs because of the hydrolysis of
dialdehyde starch in response to glucose with higher selectivity in comparison to APMs
without sulfobetaine. Such results were in correlation with the in vitro release study, which
exhibited 3.0-folds higher insulin release from the developed APMs in the phosphate buffer,
(pH 7.4) containing glucose (1 g/L) in comparison to the medium without glucose in 2 days
[331].

In addition to this, the cellular uptake of developed APMs by macrophage cells was 2.6- and
2.3-folds lower than mPEG based nonionic APMs upon incubation for 1 and 4h with lower
cytotoxicity respectively. The results indicated great potential for glucose-responsive APMs

for insulin delivery [331].
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Chapter 3

3.0 The rationale of the study
T2DM is a serious lifelong condition. It is mainly characterized by hyperglycaemia that can
damage the other parts of the body i.e., the heart, eyes, kidneys, feet, nerves etc. These are the
serious complications that can worsen the life of diabetic patients if hyperglycaemia is not
controlled [1]. In addition to this, obesity has become an exaggerating factor in such metabolic
alteration and in past few years, the prevalence of T2DM has paralleled that of obesity [30].
Increased body mass index and central adiposity are in a strong relationship with insulin
resistance and are believed to be the key factor involved in the incidence of T2DM. This is
chiefly because of the secondary lifestyle that results in IR [91].
To overcome such serious conditions, oral anti-hyperglycaemic drugs are prescribed by the
physician according to the patient-related factors. Among these sulfonylureas are the first oral
antihyperglycemic drugs approved by FDA in 1956 to treat T2DM. These are insulin
secretagogues that stimulate insulin release from pancreatic p-cells [335].
Gly is a potent synthetic drug, which is the second most widely prescribed drug by the physician
that can be used with a proper diet and exercise program to control hyperglycaemia. Its
mechanism of action is well known and depends on the functioning pancreatic B-cells. It also
acts on broad-spectrum sulfonylurea receptors [12,336]. In addition to this, it possesses anti-
inflammatory action as well, which is one of the factors involved in insulin resistance. Gly
therapy is initiated from a lower dose range to high based on glycemic control. Generally, the
oral antihyperglycemic drugs that are rapidly absorbed by the gastrointestinal tract (GIT) are
required to prevent a sudden increase in blood glucose levels after food ingestion in T2DM.
However, the poor oral bioavailability of Gly due to its poor dissolution via GIT impedes its
clinical performance [337]. It is also associated with higher hypoglycemic episodes i.e., by 80%
than other sulfonylureas with a maximum of 20 mg daily dose [12].
It can also be used in the form of combination therapy with other anti-diabetic drugs that result
in unwanted side effects upon consumption in long run. Therefore, the co-administration of
natural antioxidants with improved toxicity profiles could be a suitable alternative option for
increasing the therapeutic efficacy of Gly [13].
VA is a benzoic acid, which is popular as a flavoring agent, natural antioxidant anti-
hyperglycemic and anti-obesity effect [14]. Despite its therapeutic potential, VA has not been
explored well, especially in the form of combination therapy with other anti-diabetic drugs to

treat T2DM. Being a plant-derived product it is reported to act via multiple pathways to control

[95]



[Document title]

IR i.e., by increasing the hepatic phosphorylated ACC protein expression with reduced hepatic
non-esterified fatty acid (NEFA) levels, increases the expression of the insulin receptor, PI3K
and glucose transporter 2 (GLUT-2) protein in HFD fed rats [17]. However, its poor oral
bioavailability due to its rapid elimination from systemic circulations upon oral administration
is the major challenge in oral drug delivery [14].

The APMs formed from ABCs are excellent candidates for entrapping multiple lipophilic drugs
in their hydrophobic core. This formulation as a nanocarrier for co-delivery of drugs has been
selected over conventional nanoparticles owing to its low CMC value (stability), self-assembly
(ease of particle formation) and controlled-release property (prolonged residence time) that
fulfils the objectives of the presented state of the artwork [19]. Further, the micellization process
in water due to the balance of intermolecular forces such as hydrophobic electrostatic, hydrogen
etc. increases the solubilisation of lipophilic drugs in GIT upon oral delivery. This contributes to
the release of loaded drugs from the core in a controlled manner (depending on the hydrophobic
interactions with the core) that provides the possibility to improve the dose regimen [19].
Therefore, in the presented work, a nano combination therapy has been developed by co-loading
VA with Gly in the core-corona based self-assembled nanoparticles i.e., APMs (Fig 3.1A and
B).

Hypothesis

To optimize the design of controlled release micellar nano-formulation i.e., APMs for the oral
delivery of both the drugs (Gly and VA) upon their entrapment in the core.

(The mPEG-b-PCL is a diblock copolymer that self-assembles into nanoparticles with core-

corona supramolecular configuration: PCL forms the core and mPEG forms the corona).

» To improve the common challenges associated with existing drug regimens including adverse

effects, increased regimen complexity or dosing frequency
(Entrapment of Gly and VA in mPEG-b-PCL APMs will possibly improve the constancy, higher
absorption from GIT, systemic distribution of drugs and release of drugs at sustained time

intervals)

» Synergistic interaction between both the drugs upon co-loading in APMs owing to an increase in

the oral bioavailability of both the drugs in the form of nano-combination therapy

» The schematic presentation of the proposed hypothesis using APMs is presented in Fig 3.1C

[96]



[Document title]

S

Hydrophillic head

(A).

Core
Aqueous media

Hydrophobic tail
Undissolved solid drug

Polar head

10 to 100 nm Hydrophobic
chain
Solubilized
drug
B). o H H
o o S
) 00
~ OH CI\CjJ\N
H €
HO - N
o AL &
vanillic acid @ Glyburide @ ———— = Tl pr i)
Self-assembly Pd .y S
above CMC J j)“‘ g
9y
mPEG-b-PCL
Co-loaded APMs

©).

! Rapid absorption

' . .

E Rapid elimination <=— o Pores formed by the

H ‘?— solubilisation of PEGylated
corona

Poor oral bioavailability , Enhanced oral bioavailability

5 (Erosion/diffusion controlled
' release)

Passage of dissolution fluid

A
Matrix Solubilisation Micellar erosion

Fig 3.1: (A) Micellization process, (B) Co-loading of drugs in APMs, (C) Proposed hypothesis of the research
work

[97]



3.2 Aim
Development and optimization of polyethylene glycol methyl ether-polycaprolactone based
glyburide and vanillic acid co-loaded amphiphilic polymeric micelles for the management of
type-2 diabetes mellitus.
3.3 Objectives
The brief objectives of the research are as follows:

» Development and optimization of the Gly and VA co-loaded APMs

» Characterization of the co-loaded APMs

» Pharmacokinetic evaluation of the optimized co-loaded APMs

» Cell-line studies of the developed formulation

» Pharmacodynamics evaluation of the optimized co-loaded APMs
3.4 Plan of work
Present research work was carried out as per the following steps:

» Literature review on T2DM, conventional drug therapy, and NPs based approaches
Selection of anti-diabetic drug Gly and natural product VA in the present study
Challenges associated with the selected drugs that hinder their clinical performance

Structural characterization of raw Gly and VA for formulation development

YV V V V

Development of an analytical method for the simultaneous estimation of both the

selected drugs in the formulation

Y

Preformulation studies of both the drugs

Y

Selection of polymer-based nanotechnology over other NPs

» Synthesis of the amphiphilic diblock copolymer mPEG-b-PCL for the formation of
APMs

» Characterization of the synthesized diblock copolymer mPEG-b-PCL

» Selection of a method for physical loading of both the drugs in the core of APMs

» Formation of initial batches for the screening of physicochemical traits of the prepared
APMs

» Optimization of the developed co-loaded APMs using DoE expert software 2.0

» Characterization of the optimized co-loaded APMs

» Development of a bioanalytical method for the simultaneous estimation of both the drugs
in rats' plasma

» Pharmacokinetic evaluation of the developed formulation

» Invitro study: MTT assay and glucose uptake (%) potential of the prepared optimized

formulation on Caco-2 and HepG2 cells
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Selection of appropriate animal model for evaluation of the anti-diabetic activity of both
the drugs co-loaded in APMs

In-vivo study: High-fat diet (HFD) plus a low dose of streptozotocin (STZ) model was
selected to carry out the pharmacodynamics study of the developed formulation for
T2DM. SD rats were procured from Punjab University, Chandigarh; the institutional
animal ethics committee (IAEC) approved the protocol. The studies were passed out as
per the guideline of the council for control and supervision of experiments on animals
(CPCSEA).

Biochemical estimation: Oral glucose tolerance test (OGTT), fasting insulin levels,
plasma glucose levels, inflammatory and antioxidant markers

Histopathological study of liver and pancreas

Compilation of the results obtained from the aforementioned study
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Chapter 4
Experimental Work



4.1 Experimental
4.1.1 Equipments

The list of equipment and chemicals used to carry out the research work is presented in
Tables 4.1 and 4.2.

Table 4.1: List of equipments used in the research work

Equipment’s Manufacturer

Analytical balance (AX200) Shimadzu Analytical Pvt. Ltd.,
Mumbai, India

Cooling Centrifuge Remi instruments, India

Deep freezer Blue star Itd., India

Differential Scanning Calorimetry DSC 6000 PerkinElmer, USA

Digital weighing balance Contech instruments Itd., India

Electrospray ionization-mass spectroscopy Q-Tof micro™

Erba Transasia biochemistry analyzer Erba, EM360, Germany

Fourier transformer infrared Perkin Elmer, USA

Hot air oven Cadmach Drying Oven, Cadmach
Machinary Ltd., Ahmadabad, India

High-performance liquid chromatography HPLC LC-20AD, Shimadzu Co.
Ltd., Kyoto, Japan

High resolution-Transmission electron microscopy JEOL, JEM 2100 Plus

High-speed homogenizer Thomas Scientific, USA

Magnetic stirrer Remi 5MLH, Vasai, Mumbai, India

Mechanical shaker Labfit, Ambala, India

Melting point apparatus Labotach, Mumbai, India

Micropipettes Himedia Laboratories Pvt. Ltd.;
Mumbai, India

pH meter Phan, Lab India, Mumbai, India

Proton nuclear magnetic resonance 'H NMR, Bruker, Avance-11 500

MHZ, Switzerland
Rotary vacuum evaporator (RV-8) with vacuum pump IKA, Bengaluru, India
(MPV10), water bath (HB10) and chiller (IC201T)

Scanning electron microscopy JSM7610, JEOL India Pvt. Ltd
Shaking water bath LabFit, India

Sonicator Lobachemie, Mumbai, India
Tissue homogenizer REMI instruments, India
UV-Visible spectrophotometer Shimadzu corporation, Japan
Vacuum pump Tarson Products Pvt.Ltd.

Vortex mixer REMI CM101, Delhi, India

X-ray diffractometer Bruker D8 Advance, USA

Zeta sizer Malvern Zetasizer, Nano ZS90, UK
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4.1.2 Chemicals

Table 4.2: List of chemicals used in the research work

Chemicals Manufacturer

Acetone Loba Chemie Pvt.Ltd., India
Acetonitrile HPLC grade Rankem
Carboxy methyl cellulose Loba Chemie Pvt.Ltd., India
Casein Loba Chemie Pvt.Ltd., India

Cetyltrimethyl ammonium bromide
Diethylene triamine penta acetic acid
5,5-dithiobis (2-nitrobenzoic acid)

Epsilon-caprolactone
Ethanol
Formaldehyde
Gallic acid
Glutathione
Glyburide

Hexane
Hydrochloric acid
Hydrogen peroxide
L-methionine
Methanol

Methyl Polyethylene glycol ether

Nitro blue tetrazolium

Octanol

Orthophoshoric acid

Polyvinyl alcohol

Polyvinyl pyrrolidine K90

Potassium biphthalate

Potassium chloride

Potassium dihydrogen orthophosphate

Sodium chloride
Sodium hydroxide
Sodium Lauryl Sulphate
Stanous octoate
Streptozotocin
Thiobarbituric acid

Vanillic acid
Yeast extract

Loba Chemie Pvt.Ltd., India
CDH chemicals Pvt.Ltd., India
Sigma Aldrich, Switzerland

TCI, Chemicals, Japan

CDH chemicals Pvt.Ltd., India
CDH chemicals Pvt.Ltd., India
TCI, Chemicals, Japan

Loba Chemie Pvt.Ltd., India
TCI, Chemicals, Japan

Loba Chemie Pvt.Ltd., India
Loba Chemie Pvt.Ltd., India
Loba Chemie Pvt.Ltd., India
CDH chemicals Pvt.Ltd., India
CDH chemicals Pvt.Ltd., India
TCI, Chemicals, Japan

CDH chemicals Pvt.Ltd., India
Loba Chemie Pvt.Ltd., India
Loba Chemie Pvt.Ltd., India
CDH chemicals Pvt.Ltd., India
Loba Chemie Pvt. Ltd, India
Loba Chemie Pvt. Ltd, India
Loba Chemie Pvt. Ltd, India
CDH chemicals Pvt.Ltd., India

CDH chemicals Pvt.Ltd., India
Loba Chemie Pvt. Ltd, India
CDH chemicals Pvt.Ltd., India
TCI, Chemicals, Japan

SRL, laboratories Pvt. Ltd
Finar Chemicals Pvt.Ltd., India

TCI, Chemicals, Japan
CDH chemicals Pvt.Ltd., India
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4.1.3 Computer programs and software

Table 4.3: List of computer software packages used during the research work

Material Manufacturer

BioRender® Crunchbase Pvt. Ltd., Toronto, Canada

Chem Draw Ultra 12.0 Software CambridgeSoft Corp., Cambridge, USA

Design Expert® (ver. 11.0.5.0) Stat-Ease, Inc., Minneapolis, USA

DD solver China pharmaceutical university, Nanjing, China
GraphPad Prism® GraphPad Inc., La Jolla, USA

Mendeley® Dekstop (ver. 1803) Elsevier, London, UK

Origin Pro®(ver. 8.5) OriginLab Corporation, Northampton, USA
Phoenix Winnonlin® (ver. 8.2) Certara™ Company, USA

4.2 Preformulation studies
4.2.1 Identification of raw drugs and excipients

4.2.1.1 Physical examination
The physical examination was performed by visually analysing the drug samples in terms of

colour, aroma, crystals, any precipitation and the presence of impurities. To carry out this,
both the raw drugs (1000 mg) were distributed uniformly on a watch glass for the
confirmation of their identity and the determination of their quality and purity [338].

4.2.1.2 Melting point analysis
The melting point of both the raw drugs was determined using the capillary melting

method. This method is used to measure the melting range of the solid drug samples. The
drug samples are filled in a capillary tube sealed from the aside. The melting range is
observed in the capillary melting point apparatus with the help of a thermometer [338].
4.2.1.3 Differential Scanning calorimetry (DSC) analysis

Apart from the capillary melting method, DSC was used to determine the melting point
(Tm) of the raw drugs. Both the raw drugs (3 mg) were packed and heated inside an
aluminium crucible in the range of 10 to 100°C at a heating rate of 10°C/min in the presence
of nitrogen with a flow rate of 50 mL/min. A separate empty aluminium pan was used as a
reference [232].

4.2.1.4 Fourier transformer infrared (FTIR) spectroscopy

In this study, 5 mg of raw drugs (Gly and VA) were separately triturated with potassium
bromide (100 mg) using mortar and pellets were prepared. The drug samples were scanned
over a wavenumber range of 4000-500 cm™ in an FTIR spectrophotometer for structural
confirmation in terms of sharp bands displayed by the different functionalities present in

the drug samples [198].
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4.2.1.5 X-ray diffraction (XRD) analysis

The evaluation of X-ray diffraction patterns of raw Gly and VA powder was performed by
using an X-ray diffractometer with Cu line as the radioactivity source. The carefully
prepared samples were placed in the sample slot and pushed efficiently with iced glass.
Thereafter, the samples were placed inside the powder X-ray diffractometer and the
scanning was performed at the adjusted speed of 0.010°'min™ %, over a 26 range of 10-90
degrees, The X-Ray beams at 40 kV voltage and 40 mA current were made incident on the
sample [338].

4.2.1.6 Partition coefficient (Log P)

The partition coefficient of both the raw drugs (Gly and VA) was determined using the
shake-flask method. Both the raw drug (10 mg) was separately dissolved in one of the
phases (n-octanol: water: 20:20), and the solution was shaken with other corresponding
liquid for 30 minutes in a separating funnel. Both the liquids were allowed to stand for 24
hours and then the lower water layer was collected and individually assayed at 228 nm
(Gly) and 261 nm (VA) using UV spectroscopy. The amount of drug assayed was
subtracted from the total drug added initially, which provided the amount of drug in the
organic phase as presented in equations (1) and (2) [338].

Drug in organic phase = Total drug — Drug assayed in water phase Equation (1)

(Drug in organic phase) Equation (2)

(Drug in aqueous phase)

Log P = Log
4.2.2 Solubility study

The solubility study of both the raw drugs was carried out in different surfactants including
CTAB, sodium lauryl sulfate (SLS), polyvinyl alcohol (PVA), and polyvinyl pyrrolidine-
K90 (PVP-K90), solvents (distilled water, ethanol, methanol, and acetone) and various
buffer systems (0.1N hydrochloric acid buffer pH 1.2 and 0.1M phosphate buffer of pH
4.5, 6.8, and 7.4) respectively at their respective reported lamba max [338].

4.2.2.1 Solubility in surfactants

Different surfactants including SLS, CTAB, PVA and PVP-K90 were used and taken in
varying concentrations of 0.5. 1.0, 1.5, and 2.0% w/v to determine the concentration for
maximum solubility of raw drugs. Both the raw drugs (20 mg each) was added separately
in 250 mL of the volumetric flask containing varying concentration of surfactants and the
final volume was adjusted to 250 mL using deionised water. These solutions were agitated

for 48h at the temperature 37+£0.2°C with a speed of 50 rpm on a shaking water bath.
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Thereafter the samples were centrifuged at 5000 g for 30 minutes to remove the
undissolved part of drugs from the saturated solutions. The concentration of both the
drugs in the supernatant was determined using UV spectroscopy at their respective
reported lamba max. The percentage solubility of raw drugs was determined by using the
formula given below [338].

. Practical Concentration .
Percentage solubility = «x 100 Equation (3)
Theoritical Concentration
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4.2.2.2 Solubility in buffer systems and organic solvents

The solubility study in various buffer systems was performed using the direct absorption
method. For this, 20 mg each of raw Gly and VA was dissolved in 250 mL of volumetric
flasks containing distilled water and various buffers. These samples were kept for 48h
with a speed of 50 rpm on a mechanical shaker. After 48h, the samples were centrifuged
at 5000 g for 30 min. The clear supernatant obtained was analysed using UV spectroscopy
at a wavelength of 234 nm respectively. The fraction of drugs got solubilized in each
buffer were obtained using a calibration curve with a regression equation. In addition to
this, the solubility of the drugs in organic solvents were determined by dissolving 10 mg
of each drug in 10 mL of each solvent to make 1000 pg/mL of the solution named as
solution A. Further from solution A, 1 mL was withdrawn and added into 10 mL of the
solvent to make concentration of 100 pug/mL named as solution B. From this solution B,
various dilutions were made in a concentration range of 10-50 pg/mL and their
absorbance was recorded using UV spectroscopy at their respective reported lamba max.
The unknown sample of both drugs was prepared and kept for 72h to determine their
solubility in each solvent [338].

4.3 Development of RP-HPLC analytical method

4.3.1 Selection of chromatographic conditions

The HPLC system with PDA detector (SP20AD; Shimadzu, Japan) was utilised to
develop the chromatogram. Rheodyne injector with 20 pL sample injector loop was used
to inject samples. Nucleodur C18 column with dimension 250 mm x 4.6 mm, i.e., 5, was
used for estimation of drugs. The chromatograms were recorded on LC solution software.
During selection of the particular mobile phase for the method development, various
solvents such as acetonitrile (ACN), methanol, water and orthophosphoric acid (OPA),
acetic acid were used in varying ratios. The final absorbance maxima were selected as
234 nm (isosbestic point) based on the obtained chromatogram based on the observations
from the initial trails, the specific mobile phase and the ratio was finalized along with the
retention time and flow rate [238].

4.3.2 Preparation of stock and sample solution

Raw VA and Gly (10 mg each) were dissolved in 10 mL of ACN in standard volumetric
flask (100 mL), and then volume was adjusted to 100 mL in order to get final
concentration 100 pg/mL (Solution A). An aliquot (10 mL) of solution A was withdrawn
and the final volume was diluted up to 100 mL to get solution of concentration 10 pg/mL
(Solution B) [232].

4.3.3 Development of calibration curve
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A solution B (100 pg/mL) was prepared from a standard solution (solution A) from which
a significant amount of volume was withdrawn to make concentration in the range of 2 to
10 pg/mL using ACN. This concentration range was used to develop calibration curve of
both the drugs in ACN by inserting each concentration 5 times in HPLC.

4.3.4 Validation

The validation of the method was performed in terms of specificity, linearity and range,
accuracy and precision, sensitivity (LOQ and LOD), and robustness according to ICH Q2
(R1) guideline.

4.3.5 Linearity and range

The standard plot was prepared between concentration Vs. mean area and the regression
equation and, coefficient was determined.

4.3.6 Accuracy

The method accuracy was determined by recovery studies at three different concentration
levels, i.e., 80%, 100% and 120% (10.8 pg/mL [LQC], 12 pg/mL [MQC] and 13.2 pg/mL
[HQC]), and six samples from each of the prepared concentration were analysed.

Percentage recovery of VA and Gly was calculated by using equation 4 [232].

Actual cocentration recovered )
Recovery (%) = x 100 Equation (4)
Theoritical Concentration
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4.3.7 Precision

Six samples from each concentration levels, i.e., 80%, 100% and 120% were injected on
the day 1 to determine precision of the method. For intermediate precision, six samples
from each solution at three concentration levels on day 1-3 (Inter-day) and by different
analyst (inter-analyst) were injected using the same experimental conditions. The %RSD
of the obtained results was calculated to obtain repeatability in the results using the

following formula [256].

) o Standard deviation of peak area .
%Relative standard deviation = x 100 Equation (5)
Average peak area

4.3.8 Robustness

Robustness study of the method was performed by making minor alterations in
experimental conditions employed for the method development. This include flow rate
(0.8, 1 and 1.2 mL/min), ratio of mobile phase (A: B) i.e. ACN: OPA 0.1% in water v/v
(68:28 viv, 70:30 v/v, and 72:32 vi/v), pH (1.3, 1.5, and 1.7 pH) and isosbestic point (232,
234, and 236 nm). The changes were made to observe their influence on the method. The
results achieved were determined by calculating percentage recovery [198].

4.3.9 System suitability and assessment of LOD and LOQ

System suitability was determined by recording peak purity index, height equivalent to
theoretical plate (HETP), theoretical plate and, tailing factor. The calculation of Limit of
detection (LOD) and Limit of quantification (LOQ) were done by standard deviation of
the response (sigma) and the slope of calibration curve(s). Standard deviation of Y
intercepts of the regression line was selected as the standard deviation. The calculations

were done according to equation 6 and 7 respectively [198].

o
LOD = 3.3 X 3 Equation (6)

LOQ = 10 X % Equation (7)
4.4 Formulation Development
4.4.1 Synthesis of mPEG-b-PCL copolymer

A previously published method i.e., ring open polymerization reaction was employed to
synthesize mPEG-b-PCL [339]. The mPEG (8.5mmol) was melted in a 50 mL round
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bottom flask followed by the addition of epsilon-CL (170 mmol) and Sn(Oct). (0.617
mmol) under anaerobic condition using nitrogen gas. The reactant mixture was sustained
at 160 °C for 6 hours at a constant supply of nitrogen. Afterwards, the mixture was kept
unshaken overnight to get a white color solid product. The obtained product was purified
by adding warm acetone followed by precipitation due to hexane. The resultant product
was isolated by vacuum filtration and stored in an airtight container at ambient

temperature [339].
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4.4.2 Liquid antisolvent precipitation (LAP) method for formation of APMs

This is one of the widely used physical methods used in the formation of ultrafine
nanoparticles (NPs) by precipitating them in an aqueous medium. This method includes
the simple step of mixing solvent and antisolvent followed by achievement of
supersaturation process, nucleation and aggregation [340]. The extent of supersaturation
(rapid and high) is one of the essential steps or main energy required for precipitation of
NPs that can tailor the particle size, topology, appearance, or structural integrity of the
NPs. The density of the NPs in the antisolvent is also one of the critical steps that
regulate the particle growth and if it continues to grow it leads to agglomeration [340].
Thus, various critical parameters such as interfacial surface energy and supersaturation
are responsible to control the precipitation method. Therefore, critical variables
associated with such parameters can be fine-tuned to develop particles of desirable
characteristics. Such as the concentration of the copolymer that self-assembles in
nanoparticles, the addition of surfactant to form a heterogeneous system, and the ratio
of solvent to antisolvent have a significant impact on the yield, drug entrapment,
stability, and particle size.

4.4.3 Design of experiment (DoE)

DoE is a powerful tool utilized by industries to save manufacturing costs by reducing
the process variation and enhancing the product quality at the same time via
optimization. Therefore, the consideration of the associated process variables is very
important to improve either the manufacturing process or its scale-up and product
characteristics [341,342]. DoE has emerged as a systemic, efficient, and economical
method for analysing and interpreting various critical factors that control the product
quality. It also enables to study of the interaction between the multiple variables [343].
George Box and Donald Behnken first introduced Box-Behnken design (BBD) in the
year 1960 [344]. It is a quadratic design that is autonomous and does not involve
factorial design. BBD involves three levels (-1, 0, +1) of all independent
variables/factors and the designs are rotatable [341,345]. Initial screening trials were
carried out for evaluating the formulation and processing aspect of the APMs. Results
from the initial screening trials revealed that the drug to copolymer ratio, drug to
surfactant ratio, and solvent to antisolvent ratio were the main factors that significantly
affected the formulation characteristics such as size and charge. In agreement with this,

these factors were further explored to study their influence at three levels (-1, 0, +1)
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onto the various responses i.e., particle size (nm), entrapment efficiency (%), charge
(mV), and polydispersity index (PDI) as presented in Table 4.4.

Table 4.4: Variables for Box—Behnken study for bottom up technology

Independent factors Design level
Uncoded Coded Uncoded Coded
Drug to copolymer ratio (mg) A 1-0.2 -1
1-04 0
1-0.6 +1
Drug to surfactant ratio (mg) B 1-0.25 -1
1-0.5 0
1-0.75 +1
Solvent to antisolvent ratio (mL) C 0.1-1 -1
0.2-1 0
0.3-1 +1

A set of 17 experiments using BBD was adopted to develop GV-APMs using LAP method.
The synthesized mPEG-PCL, Gly and VA were dissolved in the organic phase (acetone)
of varying concentrations and further added into an aqueous phase containing CTAB to
obtain ratios as per DoE using a high-speed homogenizer (REMI, India) to obtain a
suspension. The resulting suspension was kept open to air for overnight to allow the slow
evaporation of acetone from the formulation. The residual acetone was removed using a
rotary evaporator that led to the formation of APMs in distilled water. The composition of

the batches prepared and their responses achieved is discussed in section.
4.5 Characterization of synthesized mPEG-b-PCL and APMs

4.5.1 Product yield
The percentage yield of the synthesized diblock copolymer mPEG-b-PCL was calculated

using the formula given below.

Actual yield Equati
% Yield = x 100 quation (8)
%o Yie Theoretical yield

L Ccom
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Here, the actual yield is the weight of the resultant product obtained after the completion of ring
open polymerization reaction whereas, the theoretical yield is the total weight of the reactants
incorporated before the start of the experiment.
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4.5.2 CMC determination

The CMC of the synthesized mPEG-b-PCL copolymer was estimated using iodine UV absorption
method. A standard solution was made by adding 250 mg of iodine and 500 mg of potassium
iodide in 25 mL of distilled water. On the other hand, a stock solution of the synthesized diblock
copolymer was prepared by adding 0.02 g of mMPEG-b-PCL in 1000 mL of distilled water. The
copolymer solution was kept for 24h for complete dissolution before dilution. Further, a standard
iodine solution (25 pL) were incorporated into each dilution made (1.1 to 2.2 pg/mL) from the
stock solution. These solutions made was kept overnight in dark for their further analysis at 255
nm UV spectrophotometer. A graph was plotted between the concentration of the diblock
copolymer and corresponding absorbance. A particular point exhibiting a sudden and sharp
increase in the absorbance indicated the CMC value of the diblock copolymer [346].

453 FTIR

The FTIR spectrum reveals the characteristic peaks of all functional groups present in a sample.
In FTIR spectroscopic study, 5 mg each of the mPEG (M 2000), epsilon-CL, and mPEG-b-PCL
were triturated with KBr (100 mg) using mortar and pellets were prepared. The samples were
scanned over a wavenumber range of 4000-500 cm™ in an FTIR spectrophotometer. The FTIR
spectrum of Gly, VA, and CTAB was recorded similarly by individually mixing them with
potassium bromide and subjecting them to IR analysis. However, for GV-APMs, the liquid sample
cell holder was used.

4.5.4'H NMR

The *H NMR was used to determine the chemical structure of mPEG-b-PCL based on the number
of protons present in NMR spectrum using TOPSPIN NMR data system. The study was carried
out in deuterated DMSO solution at 500 MHz using the tetramethyl silane proton signal as a
reference.

4.5.5DSC

mPEG-b-PCL (3mg) was packed and heated inside an aluminium crucible in the range of 10 to
100°C at a heating rate of 10°C/min in the presence of nitrogen with a flow rate of 50 mL/min. A
separate empty aluminium pan was used as a reference. Similarly, the DSC analysis of the CTAB,
and the GV-APMs was also carried out. The data were recorded from 10 to 500°C.

4.5.6 ESI-MS

The ESI-MS was used to determine the molecular weight of the synthesized diblock copolymer
MPEG-b-PCL using an electrospray ionization-mass spectrometer (with a mass range of 4000 amu
in quadruple and 20,000 amu in time of flight). The instrument is equipped with an HPLC system

having quaternary pumping configured for flow rates from 0.05-5.0 mL/min. An ionization voltage
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of 2-3 kV was applied to the outlet of the stainless-steel nozzle and the GV-APMs were infused by
a syringe pump at a constant flow rate of 1 puL/min.

4.5.7 SEM

The surface morphology and shape appearances of GV-APMs were carried out using SEM by
drop-casting method along with other excipients i.e., CTAB and mPEG-b-PCL. A descent amount
of the formulation was dropped on a glass slide and allowed to air-dry for water evaporation.
Further, it was layered with gold by sputter coater for 40 s in a vacuum at a current intensity of 30
mA after preparing the sample. The other samples were dispersed by scattering them on an
adhesive carbon tape placed over an aluminum stub. Afterwards, the samples were layered twice
with gold and scanned at 10 mV of voltage.

4.5.8 Particle size and zeta potential

The PS and ZP of 1-17 batches and the optimized batch of GV-APMs were analyzed using a zeta
sizer. The samples were dispersed in standard 1 mL disposable polystyrene cuvettes followed by
exposure to the laser light at 25°C. Afterwards, their hydrodynamic radius as well as PDI was
determined.

4.5.9 High resolution-Transmission electron microscopy (HR-TEM)

The imaging of the GV-APMs were performed using HR-TEM, a 120 kV illumination system,
highest magnification of 500K, and resolution of <1 nm. Briefly, small amount of APMs were
distributed onto a carbon-coated copper grid and were exposed to HR-TEM after fully drying.
4.5.10 Entrapment efficiency (EE %)

An aliquot (1 mL) was withdrawn from the GV-APMs into a epindroff and centrifuged for 20 min
at 15000 g. The clear liquid obtained was withdrawn using micropipette and injected to HPLC
after passing via. 0.2 um syringe filter. The EE % of both the drugs was calculated using the

formula given below.
(Conc of drug added — Conc of drug in supernatent) y
Conc of drug added

%EE = 100 Equation (9)

4.5.11 Drug loading (DL %)

The GV-APMs (1 mL) were taken in a epindroff followed by centrifugation at 15000 g over 20
min. The clear liquid was collected and the sample (20 pL) was injected into HPLC. The amount
of drugs got entrapped in the formulation was used to determine the DL % using the formula

presented below.

[114]



Amount of drug entrapped Equation (10
%Drug loading = f g pp x 100 q (10)

Total weight of the formulation
4.5.12 In vitro release study

This study was performed by making a sac with dialysis membrane-110 (DM) (Mw 14kDa). The
pH-gradient method was used to examine the release behavior from the prepared GV-APMs. The
DM was drenched in a sufficient amount of PB pH 7.4 for 24 h before its use for stimulation. GV-
APMs (1 mL) was transferred in the sac and then immersed in 50 mL of the HCL buffer (pH 1.2)
over 2 h at 37+0.2°C with constant agitation using a magnetic stirrer at 50 rpm. Then for the next
4 hours, the volume of the medium was made up to 50 mL using PB to maintain a pH of 6.8.
Lastly, the pH of the medium was adjusted to pH 7.4 using sodium hydroxide solution. This study
was further continued at pH 7.4 for 48h respectively. At pre-determined time intervals (0.5, 1, 2,
4, 8, 16, 24, 32, 40, and 48 h), the dialysate was withdrawn from each pH solutions and replaced
by 1mL of the fresh medium [347]. The % drug dissolution (%DD) of both the drugs were
determined using HPLC at 234 nm using the formula given below. Further their release kinetics

was studied using DD solver software.

Sample area Sample dilution .
%DD = P X P % 100 Equation (11)
Standard area Standard dilution

4.6 In vitro cell line study

The in vitro cell line toxicity for raw drugs (Gly and VA), their APMs and placebo APMs was
performed using Caco-2 cell lines. Whereas, the glucose uptake study for the above-mentioned
samples were carried out using HepG2 cells. A detailed description of these studies is provided
below.

4.6.1 Caco-2 cytotoxicity study

The cytotoxicity of free drugs (Gly and VA), their physical mix, individual drug loaded APMs, GV-
APMs and blank APMs to the Caco-2 cell line were evaluated by 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) method. Caco-2 cells were plated at a density of 5 x 10° cells
per well in 100 mL of Dulbecco's Modified Eagle Medium containing 10% FBS in 96-well plates
and grown for 24 h. Cells were then exposed to a series of raw drugs, their physical mix, individual
drug loaded APMs, GV-APMs and blank APMs at different concentrations viz. 0.9, 1.9, 3.9, 7.8,
15.6, 31.2, and 62.5 pg/mL for 48 h. The cell viability was determined as a measure of succinate
dehydrogenase released by the viable cells, which reduces tetrazolium salt of MTT into formazan.

The percentage cell viability was calculated using the formula given below [341].
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0D of tested compound x 100 Equation (12)

%Cell viability = 0D of l
of contro

4.6.2 Passive glucose uptake study

To test whether HepG2 cells can take up glucose passively, 1 x 10* cells were seeded in 96 well
plate in 100uL MEM (Himedia, India) supplemented with 20% FBS (Gibco, USA) and 1g/L
glucose. Cells were allowed to grow for about 36h, and the spent media was exchanged with fresh
100pL MEM containing 20% FBS and 1g/L glucose. The concentration of glucose in the media
was measured at 6h, 12h and 24h respectively. Glucose in the media was estimated using glucose
oxidase and peroxidase assay (Agappe Diagnostics Ltd.) [348].

4.6.3 Insulin-resistant HepG2 cell model

To test whether HepG2 cells exhibit resistance to insulin, the exponentially growing cells were
starved of FBS for 12h by growing in MEM supplemented with 1% FBS instead of 20% FBS; and
exposed to increasing concentration of insulin beginning from 0.005 to 50uM for 6h, 12h and 24h.
To avoid any interference by 1% FBS, the insulin-treated groups were grown in a medium prepared
without FBS [348,349]. Therefore, insulin resistance was confirmed as a measure of glucose uptake
by the HepG2 cells.

4.6.4 Selection of non-cytotoxic concentration

To select a concentration that does not affect cell growth, the viability of exponentially growing
HepG2 cells was determined by sulforhodamine B assay and percentage growth inhibition/viability
was calculated [349]. Experimentally, 1x 10* HepG2 cells were seeded in 96 well plates in 100pL
MEM supplemented with 20% FBS and 1g/L glucose. Cells were allowed to grow for about 36h
and treated with increasing concentration of raw drugs, their physical mix, Gly APMs, VA APMs,
GV-APMs, and blank APMs for 24h. Percentage growth inhibition was calculated by comparing
the optical density value of treated cells with that of control untreated cells by using the following
equation.

o OD of control — 0D of test .
%Cell inhibition = 0D of control x 100  Equation (13)
of contro

4.6.5 Glucose uptake in insulin-resistant cells

A time-dependent glucose uptake assay was carried out to evaluate the glucose uptake ability of the
developed GV-APMs in insulin-resistant HepG2 cells [348]. Experimentally, 1x10* HepG2 cells
were seeded in 96 well plates in 100uL MEM supplemented with 20% FBS and 1g/L glucose. The
spent media was exchanged with fresh 100uL MEM containing 20% FBS and 1g/L glucose for

control of untreated cells. However, the media in treated groups was devoid of FBS. Cells were
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treated with the test compounds for 6h and 24h. The concentration of the test compounds possessing
minimal cytotoxicity (<15% cell growth inhibition compared to control cells treated with vehicle)
was selected based on the cytotoxicity profile as discussed above. Percentage glucose uptake was
calculated based on the glucose that remained in the media using the formula given below.

(G) blank — (G) cells

%Glucose concentration = () blank x 100

Equation (14)

(G)blank = Glucose in the media but no cells

(G) cells = Glucose in the media collected from untreated cells / treated cells

Further, the interaction between both the tested drugs used in combination was determined by
calculating the combination index (Cl) using the equation given below.

I =|— Equati 15
Combination index (CI) = ICa] [ch quation (15)
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Where, C, and Cy are the concentrations of Gly and VA used in combination to achieve a fixed effect
(i.e., percentage of glucose uptake). IC, and ICy are the concentrations of both the drugs required to
achieve the same effect when used alone. A CI value less than, equal to, or more than 1 indicates
synergistic, additive and antagonistic interaction, respectively, between the two compounds [27].

4.7 In vivo studies

4.7.1 Animals

Healthy SD rats of either sex (270-300 g) of age 10-12 weeks were procured from Punjab University,
Chandigarh, India for the pharmacokinetic study. The animals were kept in cages in the central animal
house of the School of Pharmaceutical Sciences, Lovely Professional University (Phagwara, Punjab)
at an ambient temperature of 25 £ 2 °C and relative humidity of 65 % with a 12 h light/dark cycle.
The experimental protocol was duly approved by the institutional animal ethics committee (Protocol
no: LPU/IAEC/2021/5/73).

4.7.2 Development of bioanalytical method

4.7.2.1 Chromatographic conditions

Similar chromatographic conditions were used for development of bioanalytical method as mentioned
in section 4.3.1.

4.7.2.2 Extraction of plasma from rats’ blood samples

The blood was collected using the orbital sinus technique with the help of a capillary tube. In this
technique, a rat is scruffed with the thumb and the forefinger of the non-dominant hand is used to pull
the skin around the eye. A fine capillary is inserted into the medial canthus of the eye and slight

pressure is applied to puncture the sinus. Once, the sinus is punctured, blood comes out via capillary

and is collected in EDTA (ethylene diamine tetraacetic acid) vials. Once the required amount of blood
is collected, the capillary is removed and the eye of the rat is wiped with sterile cotton. The collected
blood is centrifuged at 5632 g for 15 min and the clear supernatant is withdrawn and is stored at a -
20 °C for further processing.

4.7.2.3 Preparation of blank plasma

An adequate amount of plasma (1mL) was taken in epindroff followed by the addition of 2 mL of
ACN. The mixture was vortexed for about 5 min to precipitate the plasma proteins. The clear
supernatant was collected in separate epindroff and was further centrifuged at 5782 g for 15 min.
After this, the obtained supernatant was transferred in a 100 ml volumetric flask and the volume was
made up to 100 mL.

4.7.2.4 Preparation of standard stock solution

Both the raw drugs (VA and Gly) of 10 mg each were dissolved in 1 mL of plasma followed by

vortexing the mixture for about 10 min. Further, 2 mL of ACN was added in the spiked plasma
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containing both the drugs and vortexed for 10 min for protein precipitation. Once the proteins got
precipitated, the mixture was centrifuged at 5782 g for 15 min to obtain a clear supernatant. The
obtained supernatant was added in a 100 mL volumetric flask and the volume was made up to 100
mL to make a stock solution of concentration 100 pg/mL (solution A).

4.7.2.5 Preparation of internal standard (1S)

The GA (10 mg) was incorporated in a 100 mL volumetric flask with 20 mL ACN followed by
sonication for about 10 min. Once the GA got dissolved completely, the volume was made up to
100ml with ACN to make a stock solution of 100 ug/mL. Further, ImL of aliquot was withdrawn
from 100 pg/mL stock solution in a 10 mL of volumetric flask and the volume was made up to 10
mL using ACN to get 10 pg/mL of GA solution.

4.7.2.6 Method specificity

To confirm the method specificity, both the drugs (VA and Gly) and blank plasma were injected to
HPLC consisting ACN and 0.1% OPA (70:30 v/v) as a mobile phase. These were analysed at 234 nm
to identify any interference between the drugs and plasma peaks.

4.7.2.7 Development of calibration curve

Dilutions were made in the concentration range of 100-500 ng/mL from the stock solution of 10
ug/mL (solutions B) containing a mixture of VA and Gly in plasma. In each dilution, ImL of GA
(100 pg/mL) was added to get the final concentration of 10 pg/mL of IS GA. Each dilution was
injected into HPLC in five replicates and analysed at 234 nm. Similarly, the calibration curve of both
the drugs was developed in the concentration range of 100-500 ng/mL in mobile phase along with the
addition of ImL of GA (100 ug/mL). In addition, a calibration curve was also plotted between area
ratio of analyte/IS versus concentration of both the drugs in plasma and in mobile phase.

4.7.2.8 Accuracy study

The accuracy of the developed method was determined by calculating the absolute recovery of drugs
from the plasma samples. The samples were made by determining the lower quantifiable
concentration (LQC, 80%), middle quantifiable concentration (MQC, 100%) and higher quantifiable
concentration (HQC, 120%) of the mid concentration of the calibration curve. The LQC, MQC, and
HQC values were found to be 0.24, 0.30, and 0.36 pg/mL. Further, the IS 1 mL of GA (100 pg/mL)
was added to the prepared solutions. The prepared samples were injected to HPLC in six replicates
and their mean, standard deviation (SD), and percentage relative standard deviation (% RSD) were

noted. The absolute recovery (%) of each prepared sample was calculated using formula given below.

Actual concentration recovered .
Absolute recovery (%) = x 100  Equation (16)
Theoritical concentration
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4.7.2.9 Precision studies

To carry out the precision study, LQC, MQC, and HQC solutions containing 10 pg/mL of GA as IS
being injected in six replicates on the same day (intraday), on different days (interday), and by
different analysts on the same day under the same experimental conditions. The mean, SD, and %
RSD were determined for each injected sample.

4.7.2.10 Determination of LOD and LOQ

LOD and LOQ for both the drugs were determined using the standard deviation of response (c) and
the slope of the calibration curve (S). The SD of the Y-intercept of the regression line was used as
SD. The given below equations were used for calculating LOD and LOQ.

LOD = 33 x % Equation (17)
o
LOD = 10 X 3 Equation (18)

4.7.2.11 System suitability

The system suitability was determined by injecting the lower concentration of the calibration curve
(100 ng/mL) in six replicates. Their system suitability parameters including theoretical plate, tailing
factor, resolution of both the peaks, and height equivalent to a theoretical plate (HETP) were

determined.
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4.7.2.12 Stability study

The stability of both the drugs (VA and Gly) in plasma samples was determined upon exposure to
freeze-thaw cycles, short-term stability at room temperature for 3 h, and long-term stability at -70°C
over 3 weeks. 3 mL of the plasma were extracted from the blood sample followed by precipitation
and centrifugation. Both the drugs (10 mg each) were added in plasma, vortexed for 5 min, and stored
at -70°C for 1 hour. One aliquot (1 mL) was withdrawn from plasma sample (freeze-thaw 1) and
centrifuged to obtain clear supernatant. Post-precipitation and centrifugation, the obtained clear
supernatant was diluted with ACN to make up the volume upto 100 ml (100 pg/mL). Rest of the
samples were re-frozen at -70°C for 1 hour. Further, the LQC, MQC and HQC (0.24, 0.30 and 0.36
pg/mL) solutions were prepared from 100 pg/mL solution. Similarly, the aliquots (1 mL) were
withdrawn from the left over frozen plasma sample i.e., freeze-thaw 2 and freeze-thaw 3 under same
experimental conditions to prepare LQC, MQC and HQC. 1 mL of IS GA (100 pg/mL) were added
into each prepared samples to make concentration of 10 ug/mL. All the prepared samples were
injected in triplicate and analysed at their respective RT at 234 nm to determine their mean, SD and

%RSD [350].

For short-term stability study, 3 mL of the plasma containing 10 mg of each drug were kept at room
temperature. An aliquot (1mL) was withdrawn from the plasma to process it for the preprartion of
LQC, MQC and HQC along with the addition of 1 ml of 100 pg/mL of GA. Each sample were injected
in triplicate after every 1 hour of interval for upto 3 h. The mean, SD, %RSD were noted [351]. To
determine the long-term stability of both the drugs in plasma, 10 mg of each drug were added in three
vials containing 1 mL of plasma. These vials were vortexed for few min and stored at -70°C. The
samples were taken out from the freezer after 1, 2 and 3 weeks to process it for the preparation of
LQC, MQC and HQC with 10 pg/mL of the GA. These solutions were injected to HPLC in triplicate
after every week for the determination of peaks at their respective RT at 234 nm. The mean, SD and

%RSD were noted [352]

4.7.3 Pharmacokinetic study

The parallel study was carried out using 42 rats that were divided into seven groups, each containing
six rats. The rats were kept under fasting conditions for 12h before the start of the experiment. Rats
received raw drugs (Gly and VA), their physical mixture, Gly-APMs, VA-APMs, and GV-APMs at
a dose containing 0.5 mg/kg of Gly and 7.5 mg/kg of VA each respectively. However, placebo APMs
were used as control. To each rat, 1mL formulation containing Gly and VA equivalent to 0.125 and
1.801 mg were administered orally using oral gavage. The pharmacokinetic study design is presented
in Table 4.5. Both the raw drugs were dispersed in 0.1% w/v carboxy methylcellulose (CMC)

suspension. The respective treatments were administered to rats via oral route using oral gavage.
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Blood was withdrawn via tail vein (0.2 mL) at 0, 1, 2, 3, 4, 5, 6, 8, 10, 12, 18, and 24 h in EDTA vials
respectively. Plasma was collected and further processed to extract drugs via protein precipitation
method and the supernatant was collected by performing centrifugation at 5782 g for 15 min at 4°C.

The area under the curve (AUC) was calculated by using Phoenix winnonlin 8.2 software (USA).
Table 4.5: Pharmacokinetic study design

Groups Treatment Animalsused Dose

1 RawGly 6 0.5 mg/kg p.o

2 Raw VA 6 7.5 mg/kg, p.o

3 RawGly+ VA 6 0.5 mg/kg + 7.5 mg/kg, p.o
4 Gly APMs 6 0.5 mg/kg, p.o

5 VAAPMs 6 7.5 mg/kg, p.o

6 GV-APMs 6 0.5 mg/kg + 7.5 mg/kg, p.o
7 Placebo Control of APMs 6 Without drugs

Abbreviations: APMs, Amphiphilic polymeric micelles; Gly, Glyburide; VA, Vanillic acid; GV-APMs, Gly and VA co-
loaded APMs

4.7.4 In vitro/ In vivo correlation (IVIVC) studies

The level A (point-to-point) IVIVC co-relation between in vitro percent drug dissolved and in vivo
percent drug absorbed was studied. The correlation was studied at the corresponding time-points for
the developed APMs i.e., VA-APMs, Gly-APMs and GV-APMs, raw drugs and their physical
mixture from the concentration-time dependent data obtained by Wagner-Nelson method. The
statistical significance of each correlation was determined from the respective values of F-ratios
[353,354].

4.7.5 Pharmacodynamics study

The pharmacodynamics study is divided into two sections describing the induction of T2DM using
HFD plus low dose of STZ, and the pharmacodynamics screening of the tested compounds.

4.7.5.1 HFD plus low dose of STZ model

This model is commonly used for the induction of T2DM as it replicates the natural history and
metabolic characteristics of human T2DM. The T2DM rat model was developed as per Srinivasan et
al. (2005) [355]. High lipid rich regimen consisting of huge caloric quantity supports obesity triggered
glucose intolerance and insulin resistance rather than frank hyperglycemia, which displays typical
characteristics of T2DM [355]. HFD administration primarily induces excessive insulin discharge
from the pancreatic B-cell, which is then reduced by the fractional destruction of the functioning j3-

cells and frank hyperglycemia upon low dose of STZ administration in non-genetic SD rats [355].

[122]



SD rats of either sex were randomly divided into 12 groups based on dietary regimen i.e., normal
pellet diet (NPD) and HFD (58% fat, 25% protein, and 17% carbohydrate, as a percentage of total
kcal) ad libitum, respectively. The HFD was prepared according to Srinivasan et al. (2005) as
presented in Table 4.6. Group 1 received NPD while the rats allocated to rest of the other groups
received HFD for the initial period of 14 days. The treatment groups employed in the
pharmacodynamics study is specified in the Table 4.7. The total duration of the in vivo study was of
48 days.

All the ingredients of HFD were weighed, powdered and triturated in melted desi ghee. Further, the
semi-solid mixture obtained was made in pellets and stored at -70°C temperature until use. In general,
six pellets were given to each experimental groups at least two times/day. After the 14 days of dietary
manipulations (on day 15™), oral glucose tolerance test (OGTT) was performed to determine the
response of the rat’s body towards higher blood glucose levels i.e., to confirm insulin resistance and
glucose intolerance upon consumption of HFD and NPD [356]. Further, the increase in body weight

and lipid profile was determined at the end of 14 days.
Table 4.6: Composition of HFD

Ingredients Diet (g/kg)
NPD 365

Desi ghee 310

Casein 250
Cholesterol 10
Vitamin and mineral mix 60
DL-methionine 03

Yeast powder 01

Sodium chloride 01

4752 0GTT

The OGTT was performed on rats in all groups after an overnight fasting on 14" day. On 15" day the
rats were orally administered (16G oral feeding cannula) with 2.0g of glucose/kg body weight. The
blood samples were taken by slightly pricking the rat’s tail with the help of a needle before 0 min and
after 0.5, 1, 1.5, 2, 3, 4, 5 and 6 h of glucose administration. The blood glucose levels at each time
intervals were determined using glucometer (Dr. Morepen, BG-03) based on glucose oxidase method.
The obtained values of blood glucose levels were plotted against time to develop a curve showing the
changes in glucose levels with time [356].

4.7.5.3 Body weight and lipid markers

After OGTT, increase in body weight and the serum lipid markers such as triglycerides (TGSs),
cholesterol (CHL), low-density lipoprotein (LDL), very low density lipoprotein (VLDL), high density
lipoprotein (HDL), CHL/HDL ratio and LDL/HDL ratio was determined on 15" day at the end of
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HFD consumption. For the estimation of serum lipid levels, blood samples were withdrawn from the
rat’s retro-orbital plexus using a fine sterilized capillary tube and was collected in plain Eppendorf
tubes.

4.7.5.4 STZ injection

After the confirmation of HFD induced-insulin resistance (on day 16™), the rats from HFD-fed group
was injected with a single low dose of STZ (35 mg/kg; i.p.) in ice cold 0.1 M sodium citrate buffer
(pH 4.5) upon overnight fasting while NPD-fed group received an equivalent amount of sodium
citrate buffer. Four days after STZ injection i.e., on 20" day, blood glucose levels were estimated and
rats having non-fasting value above 200 mg/dL were identified and further divided into different
treatment groups for pharmacological screening. The respective treatments in each divided groups
was initiated from 21% day for a consecutive period of 4 weeks as presented in Table 4.7. The blood
glucose levels and body weight of each groups were determined on weekly basis during the treatment
protocol of 28 days. Furthermore, at the end of the 28 days of study, serum lipid levels of each groups

were determined.
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Table 4.7: Pharmacodynamics study design

Groups Treatment Dose (Route of Administration)

Oral NPD treatment

Ice cold 0.1 M sodium-citrate

| Normal control (NC) buffer (pH 4.5), p.o

STZ (35 mg/kg) inice cold 0.1 M sodium-citrate buffer (pH 4.5) intraperitoneal + oral HFD
treatment will be given to rats of groups 11 to XII

Experimental control (EC)

I HFD+ STZ, i.p.

" Placebo of APMs (P-APMs) glgcebo APMs (without drugs),
Raw VA in 0.5%w/v in CMC at high dose 7.5

v mag/kg [R-VA(H)] (R-VA)-H, p.o.
Raw Gly in 0.5%w/v CMC at high dose 0.50 mg/kg

Vv [R-Gly (H)] (R-Gly)-H, p.o.
High dose of raw Gly (0.50 mg/kg)-VA (7.5 mg/kg)

Vi in 0.5%w/v CMC [R-Gly-VA(H)] (R-Gly-VA)-H, p.o.
VA APMs in 0.5%w/v CMC at low dose 3.7 mg/kg

Vil [VA-APMs(L)] (VA-APMs)-L, p.o
Gly APMs in 0.5%w/v CMC at low dose 0.25 mg/kg

VI [Gly-APMs (L)] (Gly-APMs)-L, p.o
VA APMs in 0.5%w/v CMC at high dose 7.5 mg/kg

IX [VA-APMs(H)] (VA-APMs)-H, p.o
Gly APMs in 0.5%w/v CMC at high dose 0.50

X mg/kg [Gly-APMs (H)] (Gly-APMs)-H, p.o
Low dose of Gly (0.25 mg/kg)-VA (3.7 mg/kg)

XI APMs in 0.5%w/v CMC [GV-APMs(L)] (GV-APMs)-L+(D), p.o
High dose of Gly (0.50 mg/kg)-VA (7.5 mg/kg)

Xl APMs in 0.5%w/v CMC [GV-APMs(H)] (GV-APMs)-H+(D), p.o
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4.7.6 Parameters for evaluation

Following parameters were evaluated before the initiation, during and at the end of the study for the
pharmacological evaluation of the test compounds in T2DM rat model.

4.7.6.1 Body weight

The body weight of the rats was determined in triplicates on 0", 15" 20™, 27t 33" 39" and 45"
day of the treatment protocol.

4.7.7 Biochemical parameters

4.7.7.1 Blood glucose levels

The blood glucose levels were determined in triplicate using glucometer on 20", 27", 33", 39" and
45" day of the treatment protocol. The blood drop was taken by slightly pricking the rat’s tail using
a sterilized needle and was subjected to glucometer strip for the determination of blood glucose
levels.

4.7.7.2 Serum lipid markers

Serum lipid markers such as CHL, HDL, TGs, were determined using Erba EM360 automated
chemistry analyzer instrument while the VLDL, LDL, CHL/HDL, and LDL/HDL ratios were
calculated from the values obtained with aforementioned markers using the formula as discussed in
the subsequent sections. The concentration of serum lipid markers was determined on 0™, 15" and
at the end of the 28" day of the treatment protocol.

4.7.7.2.1 Serum cholesterol

Increased CHL levels indicates impaired hepatic functions. It involves the estimation of CHL after
the conversion of cholesterolester to CHL and fatty acid in the presence of CHL esterase. Free CHL,
including that originally present, is then oxidized by cholesterol oxidase to cholest-4-en-3-one and
H20:. In presence of peroxidase, the formed H-O: affects the oxidative coupling of phenol and 4-
aminoantipyrine to form a red-colored quinoneimine dye. The 10uL of blood serum of fasted
animals was used after centrifugation of the fresh clotted blood at 2500-3000 rpm. The clear
supernatant was used for the determination of CHL in the rat’s sample by running them in an
automated biochemistry analyzer equipment erba EM360 based on photometric analysis using
MultiXL v2017.02 (EM360) software upon selection of the working reagent mode. The XL results
was calculated automatically by the instrument.

4.7.7.2.2 Serum HDL

The assay is based on a modified polyvinyl sulfonic acid (PVS) and polyethylene glycol-methyl
ether (PEGME) coupled classic precipitation method. When the serum reacts with PEGME present
in the precipitating reagent, all the LDL, VLDL and chylomicrons are precipitated. The HDL

remains in the supernatant and is assayed as a sample for CHL using the CHL reagent. The
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cholesterol oxidase and cholesterol esterase selectively react with HDL to produce H2O> which is
detected via a trinder reaction. The serum HDL levels in the rat’s sample was determined after the
centrifugation of the fresh clotted blood at 2500-3000 rpm to obtain a clear supernatant. The clear
supernatant obtained is runned in an automated erba EM360 analyzer by selecting the working
reagent mode. The XL results was calculated automatically by the instrument.

4.7.7.2.3 Serum Triglycerides

Triglycerides (TGs) belongs to the family of lipids that are absorbed from diet and is measured for
the diagnosis and management of hyperlipidemia. The serum TGs levels was determined based on
glycerol phosphate oxidase method. In this assay system, a series of reaction take place, initially the
TGs are hydrolyzed by lipase to produce free acids and glycerol. The glycerol is phosphorylated
by adenosine triphosphate with glycerol kinase to produce glycerol-3-phosphate and adenosine
diphosphate. Glycerol-3-phosphate is oxidized to dihydroxy-acetone phosphate by glycerol
phosphate oxidase producing H20-. In a trinder type reaction catalyzed by peroxidases the H.O>
reacts with 4-aminoantipynne and N-Ethyl-N-Sulphohydroxy propyl-m-Toluidine to produce a dye.
The absorbance of the dye is directly proportional to the concentration of TGs present in the sample.
Such measurement was done by running the sample (clear supernatant) in automated erba EM360
analyzer. The XL results was calculated automatically by the instrument.

4.7.7.2.4 Others

The serum VLDL, LDL, CHL/HDL, and LDL/HDL ratios were calculated using the formula

presented below:

VLDL = TGs (mg/dL) +5 Equation (19)
LDL = CHL — HDL — VLDL (mg/dL) Equation (20)
CHL/HDL ratio = CHL/HDL (mg/dL) Equation (21)
CHL/HDL ratio = CHL/HDL (mg/dL) Equation (22)

4.7.8 Serum inflammatory markers

Increased uptake of dietary fat causes fat accumulation in the peripheral organs including liver and
activates hepatic pro-inflammatory cytokine levels. This results in alteration of glucose homeostasis
by the liver [357]. Therefore, several studies reported overexpression of TNF- o by the liver cells
during HFD-induced obesity [358]. In addition to this, chronic HFD consumption in rats induces
glucose intolerance due to hepatic IL-6 resistance [357]. This is considered as one of the contributing
factors involved in the occurrence of obesity-associated IR [357]. The levels of TNF-a and IL-6 in

rat’s serum sample were estimated using ELISA Invitrogen kits.
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The blood samples were taken on the terminal day after the completion of the treatment period i.e.,
on 29" day and were stored at 4°C until processing. After 30 min, the collected blood samples were
centrifuged at 8000 rpm for 15 min using cooling centrifuge. Supernatant was withdrawn in a
separate Eppendorf tube and were stored at -20°C until analysis. Quantification of TNF-a and IL-6
in the blood serum was performed using an ELISA Invitrogen kit according to the manufacturer’s
protocol. Briefly 100 uL of each standards and samples were added to respective wells containing
pre-coated monoclonal antibody. Detection antibodies (biotinylated anti-Rat IL-6/TNF- o) and
substrate solution (3,3,5,5’-tetramethylbenzidine). A blue color was produced upon the addition of
the substrate solution which turned yellow upon addition of the stop buffer. The assay range was
40.96-10,000 pg/mL for IL-6 and 82.3-20,000 pg/mL for TNF-a. The OD of samples were compared
to the standard curve and their concentration were determined [359].

4.7.9 Serum hepatic and renal markers

On the terminal day i.e., on 48" day, blood was withdrawn from rats of each group (G1-G12) via
retro-orbital plexus for the determination of the effect of different treatments on serum glutamic
pyruvic transaminase (SGPT), Serum glutamic oxaloacetic transaminase (SGOT), alkaline
phosphatase (ALP), Creatinine and urea as a measure of hepatic and renal function. The blood
withdrawn was centrifuged at 2500-3000 rpm to obtain serum. The clear supernatant was used for
the determination of hepatic/renal markers in the rat’s sample by running them in an automated
biochemistry analyzer equipment erba EM360 based on photometric analysis using MultiXL
v2017.02 (EM360) software upon selection of the working reagent mode. The XL results was
calculated automatically by the instrument.

4.7.10 Euthanasia

The technique used to euthanize the experimental rats were overdose of general anesthesia that was
performed at the terminal day of the treatment protocol i.e., on 49" day. The experimental rats from
each groups were administered with ketamine hydrochloride (22-24 mg/kg) via intravenous route.
Furthermore, to ensure the death of the animal cervical dislocation was employed. The liver and
pancreas were isolated and preserved in 10%v/v formaldehyde at -20°C until analysis.

4.7.11 Determination of pancreatic oxidative stress

The extent of oxidative stress in the pancreas of diabetic rats were determined by measuring the
levels of antioxidant enzymes viz, catalase (CAT), glutathione (GSH) and thiobarbituric acid
reactive substances (TBARS) in the isolated pancreas of diabetic euthanized rats. After sacrificing
the rats, their pancreas was quickly isolated, weighed, and washed for blood removal with PBS
(pH=7.4). The isolated pancreas was cut into pieces for their homogenization. For the preparation

of homogenate (10%w/v), the pancreatic tissue was mixed independently with 0.1M PBS. Then the
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mixture was homogenized and centrifuged at 1000 rpm at 4°C for 20 min to obtain clear supernatant
(Vade et al., 2009). The supernatant obtained was used for the assessment of CAT, GSH and TBARS
respectively.

4.7.12 Histological study

The organs (liver and pancreas) were carefully removed and fixed in 10%v/v formaldehyde, cleaned
up in xylene and embedded in a paraffin wax. Tissue sections were prepared and stained with
eosin/hematoxylin. Photomicrographs were taken at x 400 magnification using a digital camera.
4.7.13 Statistical analysis

Data were presented as mean £ SEM of the respective replicates. Means of different groups were
compared using analysis of variance (ANOVA). P values <0.05 (95% confidence interval) was
considered significant. Graph Pad Prism 7.0 version, USA was employed to carry out the statistical

analysis.
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Chapter 5
Results and discussion



5.0 Results and discussion

5.1 Physical examination

Both the drugs (Gly and VA) was visually analyzed for physical changes. Gly was found to be
odorless white crystal powder and VA was found to be pale-yellow free flowing powder with vanilla
aroma without any precipitation observed.

5.2 Melting point analysis

This method is used to measure the melting range of the solid using the procedure mentioned in
Lachman and Lieberman, 2009. The solid is filled in a capillary tube sealed from a side. The melting
range is observed in the capillary melting point apparatus with the help of a thermometer. The
melting point of Gly was found in the range of 170-172°C (reference 169-174°C) while for VA it
was found to be 210-211°C (reference 211.5°C).

5.3 DSC, XRD, FTIR analysis

The thermogram of both the raw drugs are presented in Fig 5.1 (A and B). The melting point of raw
Gly was found to be 169°C and raw VA was found to be 218°C respectively. The results of XRD
indicated sharp crystalline peaks for raw Gly and VA as presented in Fig 5.1 (C and D). The FTIR
spectrum of raw Gly reveal the presence of C=0 group at 1712.8 cm™ of frequency, S=O group at
1340.5 cm?, amide group at 3331 cm™ and C=C-H stretching at 1614.4 cm™. Whereas FTIR
spectrum of raw VA showed the presence of C=0 at a frequency of 1672.3 cm™, O-C-O group at
1024.2 cm® and O-H functionality at 3477.7 cm™ as presented in Fig 5.1(E and F).

5.4 Partition coefficient (Log P)

The log P of both the drugs raw Gly and VA were determined using shake-flask method. The amount
of both the drugs present in the aqueous phase was estimated using UV spectroscopy at Amax 261 nm
for VA and 229 nm for Gly respectively. The total amount of drugs added was 10 mg each and the
amount of drugs assayed in aqueous phase was 0.042 mg/mL (VA) and 0.001 mg/mL (Gly) after 24
hours of continuous shaking. The value of log P for both the drugs was calculated using equation
(1) and (2). The log P value of VA was found to be 1.02 while for Gly it was found to be 2.69
respectively. The reference log P values for VA and Gly was reported to be 1.43 and 3.70

respectively (Pub chem).
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Fig 5.1: DSC thermogram (A) Gly, (B) VA; XRD Graph (C) Gly, (D) VA; IR spectra (E) Gly, (F) VA
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5.5 Solubility in surfactants

The solubility of Gly and VA was evaluated in different surfactants with objective to select a
conventional low molecular weight ionic or non-ionic surfactant together with the synthesized
mPEG-b-PCL copolymer for the good stabilization of APMs. The results are presented in Table 5.1.
It was observed that the Gly was found highly soluble at the lowest concentration of CTAB i.e.,
0.5%w/v (61+0.37 pug/mL) followed by SLS (48+£1.00 pg/mL), PVA (32+0.11 pg/mL), and PVP-
K90 (11£0.35 pg/mL). Similarly, the highest solubility of VA was observed at the lowest
concentration of CTAB i.e., 0.5%w/v (63+0.42 pg/mL) followed by PVA (59+0.30 pg/mL), SLS
(49+0.51 pg/mL), and PVP-K90 (48+0.51 pg/mL). The percentage solubility of both the drugs in
the rest of the other concentrations is shown in Fig 5.2A and B.

Table 5.1: Solubility of raw drugs in different surfactants (each value represents the mean + SD, n=3)

Surfactant  Concentration of surfactant (%ow/v)

Solubility of Gly (ug/mL)

Solubility of VA (ug/mL)

SLS 0.5
1

15
2

CTAB 0.5
1

15
2

PVA 0.5
1

15
2

PVP-K90 0.5
1

15
2

48+1.00
61+0.50
54+1.00
45+0.71
61+0.37
50+0.12
33+0.22
26+0.17
32+0.11
18+0.01
24+0.18
16+0.05
11+0.35
4+0.42
3+0.73
0.8+0.55

49+0.51
46+0.37
52+0.13
63+0.11
63+0.42
42+0.15
40+0.10
49+0.05
59+0.30
48+0.46
45+0.30
63+1.10
48+0.51
46+0.02
38+0.18
41+0.03
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Fig 5.2: Percentage solubility of (A) Gly and (B) VA in varying concentrations of surfactants

5.6 Solubility in solvents and buffer systems

The solubility of both the drugs were determined in various organic solvents to select them for
formulation development and in buffers as well. The highest solubility of both the drugs were
observed in acetone. The solubility of VA in distilled water, ethanol, and in acetone was found to
be 13.0, 817000, and 982000 pg/mL respectively. The solubility of VA in phosphate buffer pH
1.2, 4.5, 6.8 and 7.4 were found to be 15.0 pg/mL irrespective of the pH range. On the other hand,
the solubility of Gly in distilled water, ethanol and acetone was found to be 7.6, 7768, and 852671
pg/mL while in phosphate buffers it was found to be pH-dependent. An increase in the solubility
profile of Gly was observed with increase in the pH value. With this agreement, the solubility of
GlyinpH 1.2, 4.5, 6.8, and 7.4 were found to be 1.40 pg/mL, 1.67 pg/mL, 14.0 ug/mL, and 15.0
pg/mL respectively. The percentage solubility of both the drugs were determined using equation

(3) and is presented in Table 5.2.
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Table 5.2: Solubility of raw drugs in different buffers (each value represents the mean + SD, n=3)

Solvent Solubility VA Solubility Gly %Solubility %Solubility
(ng/mL) (pg/mL) VA Gly

Distilled water 13.0 7.6 16.2 9.5

HCL buffer (pH 1.2) 15.1 1.4 188 17

Phosphate buffer (pH 15.0 1.6 18.0 2.0

4.5)

Phosphate buffer (pH 15.0 14.0 18.0 175

6.8)

Phosphate buffer (pH 15.0 15.0 18.0 18.7

7.4)

5.7 Development of RP-HPLC analytical method

5.7.1 Selection of chromatographic conditions

Different ratios of varying mobile phase compositions were explored and the results were
analysed. It was observed that the peak of VA and Gly appears at different retention times in all
the mobile phase compositions Fig. 5.3. However, the shape of peaks was not acceptable as in
these peaks tailing and broadening were observed. It was observed that when ACN and OPA
0.1%w/v were used in the ratio of 70:30 v/v at a 1 mL/min flow rate, sharp peaks of both the drugs
were observed at the retention times of 2.6 and 5.4 min (Fig. 5.3G). Hence, this chromatographic
condition was finalized for further development of the calibration curve and validation of the

method.

5.7.2 Linearity and range
The developed calibration curve was found to be linear in the range of 2 to 10 pg/mL with a

regression coefficient (r?) of 0.999 as presented in Fig 5.4.

200000 = 800000.0 = Y = 68488x - 39132
Y =15139x - 5159 R2:04999
2
150000 - RE=0.9992 ° 600000.0 - I
——
.—
£ 100000 £ 400000.0
© «
50000 *r— 200000.0 *r—
; T T T T T : T T T T T
0 0.0
Q v > o S N Q " > o S N
Concentration (ug/mL) ° Concentration (ug/mL) °

Fig 5.4: (A). Calibration Curve of VA (B). Calibration curve of Gly
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5.7.3 Accuracy

The results of the accuracy study showed percentage recovery at all three levels in the range of
95-105% that was calculated using equation (4). The data revealed that for all the three levels the
mean percentage recovery was within the acceptable limits as shown in Table 5.3. This indicates
that the developed method was accurate.

5.7.4 Precision

The results of method precision showed that the method is precise within the acceptable limits.
The %RSD, tailing factor, and the number of theoretical plates were calculated for each solution;
all the results are within limits. It was observed that the %RSD calculated using equation (5) and
tailing factor was < 2%, and the number of plates was more than 1000 as presented in Table 5.4
(A and B).

[137]



poA MU T ™Y 45

W2 = PDA Multi 1
5.0 \ ] wN
| 1.0+ ‘
; ] d
2
! 1 &
2.5 |\ 0s] f
0,0—-'-&»'“,4’*(“" e sy
o —— ‘ S o
0.0 25 5.0 75 100 125 ) 0.0 29 50 75 100 125 =
min
A. ACN: Aqueous methanol solution (60:40 v/v) B. ACN: Aqueous methanol solution (50:50 v/v)
mAU mAU
Jon PDA Multi 1 300 o PDA Multi 1
1.0+ R o3
05 [ 1\ 200 [
00 .,";,\/\, 100
05+ TS| / N
——— . — — o] =g == —
= = e = 100 s i 0.0 25 50 75 10.0 125 '
min
C. ACN: 1% Acetic acid (70:30 v/v) D. ACN: Water (pH 3.0 adjusted with OPA) (15:85 v/v)
mAU .
3 pOA Multi 1| MAY - o
s 2 PDA Kiulti 1
200 / "',\\ 150 S .
150
/ N § 2 100+
100 % P "f\*‘ g
50 g oA
50 Wi . N A
F g 3 - PP & N mm
oS PEE —F O—r;; 2 &; 5 /,r B \7 j’j
g 5 5 I : I I Tt ,
min 0.0 25 5.0 75
min

E. ACN: Agueous methanol solution (pH 2.0 adjusted with
1% acetic acid) (60:40 v/v)

F. ACN: Aqueous methanol solution (pH 1.5 adjusted with
1% acetic acid) (60:40 v/v)

mAU
8 PDA Multi 1
<
o
20 -
2
o
10
o4 — L
T T T T T T T
0 1 2 3 4 5 6 7
min

G. ACN: 0.1% OPA (70:30 v/v)

Fig. 5.3: Chromatogram of VA and Gly with different mobile phases

[138]




Table 5.3: Results of accuracy study

VA
Level Conc. Area (cm?) Mean+SD %Recovery
(ug/mL) 1 2 3 4 5 6
LQC 4.8 651025 661135 67188.0 68410.3 69584.4 685424  67490.1+1674.9 99.9%
MQC 6 86504.0 85488.0 88127.1  85101.7 86332.0 85470.0 86170.4+1101.3 100.5%
HQC 7.2 108406.3 108889.8 108252.9 106530.3 107876.8 107573.4 107921.6+817.4 103.7%
Gly
LQC 4.8 278113.3 295943.3 289621.5 284018.8 280373.9 287938.0 286001.5+6534.8 98.9%
MQC 6 383244.8 374680.5 371664.0 372179.7 374232.7 371298.0 374550.0+4477.5 100.6%
HQC 7.2 4422579 441352.4 446755.7 460402.9 448279.4 4532454 448715.6+£7170.2 98.9%

5.7.5 Robustness

The results of percentage relative standard deviation after doing minor changes in the flow

rate, the ratio of mobile phase and pH was less than 2% and its value was calculated using

Equation (5). This indicates that the developed method was robust (Table 5.5).

5.7.6 System suitability

The values of the system suitability parameters are presented in Table 5.6. The absence of any

extra peak in the chromatogram of indicated the specificity of the method to estimate VA and
Gly (Fig 5.6). The LOD and LOQ were determined using equation (6) and (7).
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(©).

PDAMuIt 1

0.59

0.0

5.2

53

54

5.5

5.6

57

5.8
min

Fig 5.6: (A). Chromatogram of Unprocessed VA and glyburide, (B). The peak of Purity of VA, (C). The peak of Purity of

Gly
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Table 5.4A: Results of Precision Study of VA

Parameter Level Conc. (ng/mL) Area (cm?) Mean area (cm?)  Standard deviation % RSD
1 2 3 4 5 6

Intra-day
LQC 438 67692.2 669275 680974 678309 666765 66879.2 67350.6 593.4 0.8
MQC 6.0 86600.1 854259  85102.7 86706.1 85970.5 864425  86041.3 660.3 0.7
HQC 7.2 101130.7 1011815 102028.7 102248.3 101544.1 101196.4 101555.0 480.2 0.4

Inter-day

Day 1 LQC 438 67992.6  68050.0 67350.6 672885 67799.6 67839.2 67720.1 324.4 0.4
MQC 6.0 85604.0 84689.0 84137.1  84101.7 84322.0 84550.0 84567.3 557.1 0.6
HQC 7.2 105153.2 106613.3 107230.0 107882.0 106997.0 106512.5 106731.3 916.0 0.8

Day 2 LQC 438 64806.6 64483.6 641479 654325 74476.0 746095 67992.6 228.3 0.3
MQC 6.0 810244  81068.1 814309 816541 81189.6 827185  81604.2 597.0 0.7
HQC 7.2 107973.0 108428.0 101717.2 101671.2 102819.6 102310.1 104153.2 321.7 0.3

Day 3 LQC 438 67899.1 67793.6 670100 68847.3 68729.4 68022.7 68050.3 673.5 0.9
MQC 6.0 824295 827828 823123 832975 83157.1 821554  82689.1 467.3 0.5
HQC 7.2 104306.3 107979.8 107192.9 106530.3 106986.8 106683.4 106613.3 1239.0 1.1

Intermediate precision (inter analyst)

Analyst 1 LQC 438 681025 691135 691880 69410.3 69584.4 694424  69140.1 536.9 0.7
MQC 6.0 872315 875440 862343 872223 870320 866115 86979.2 476.3 0.5
HQC 7.2 102663.0 102118.2 101503.2 101239.0 1014458 101623.5 101765.4 528.8 0.5

Analyst 2 LQC 438 69058.2 696340 69632.7 69298.1 695525 70848.1  69670.6 619.1 0.8
MQC 6.0 85734.1 86779.8 85031.1 866832 86543.8 874139 86364.3 846.4 0.9
HQC 7.2 101197.8 101396.5 101204.2 101250.0 102773.8 102678.8 101750.2 760.0 0.7

Analyst 3 LQC 438 681114 69298.1 698122 681851 69007.4 695135  68987.9 702.1 1.0
MQC 6.0 874839 88978.0 88544.1 88087.0 88411.0 89193.3 884495 617.5 0.6
HQC 7.2 101703.3 101189.7 102228.2 101169.4 101279.7 101706.1 101546.1 413.6 0.4
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Table 5.4B: Results of Precision Study of Gly

Parameter Level Conc. Area (cm?) Mean Standard % %Recovery
(ng/mL) 1 2 3 4 5 6 area deviation RSD
(cm?)

Intra-day
LQC 48 2871825 284970.1 283128.2 289915.1 289915.1 287331.3 287073.7 2691.3 0.9 99.2
MQC 6.0 363964.2 360581.4 363509.5 363604.3 3607219 371414.2 362685.0 2392.0 0.6 97.0
HQC 7.2 434322.3 431403.1 410816.2 424028.6 429590.6 422594.6 432862.7 2064.1 0.4 95.7

Inter-day

Day 1 LQC 48 283113.3 283843.3 282221.5 286026.8 2801339 286726.0 283677.5 2442.0 0.8 98.0
MQC 6.0 372144.8 377880.5 372554.0 371069.7 371212.7 372399.0 372876.8 2527.4 0.6 100.0
HQC 7.2 442311.6 451606.4 439990.7 443393.0 441588.8 441257.0 443357.9 4195.5 0.9 97.8

Day 2 LQC 48 284114.7 284859.2 280332.9 286829.6 286647.5 284421.2 284534.2 2352.8 0.8 98.4
MQC 6.0 363132.6 358216.1 375366.0 375582.9 379821.1 375606.8 371287.6 3476.4 0.9 99.8
HQC 7.2 410852.9 414755.7 406230.5 406092.4 411697.1 415941.6 410928.3 4143.2 1.0 91.2

Day 3 LQC 48 286211.2 287460.3 286105.6 287094.2 287288.2 288120.5 287046.7 770.5 0.2 99.2
MQC 6.0 378980.1 377609.3 374334.0 377829.8 375943.1 372070.5 376127.8 2566.7 0.6 100.0
HQC 7.2 4451779 443381.4 4456457 4508019 449389.4 4491554 447258.6 2920.8 0.6 98.2

Intermediate precision (inter analyst)

Analyst 1 LQC 48 290086.1 294620.3 295620.1 297025.0 297833.4 293740.6 294820.9 2763.9 0.9 100.0
MQC 6.0 371084.3 369307.5 365234.7 375487.1 373199.8 371529.1 370973.7 3503.1 0.9 99.0
HQC 7.2 452551.5 457092.8 453462.2 451628.3 455661.8 451721.6 453686.4 2233.4 0.4 99.0

Analyst 2 LQC 48 290781.4 295094.6 298268.6 297509.1 299716.6 297133.9 296417.4 3147.4 1.0 100.0
MQC 6.0 3767385 372304.7 371154.0 379647.8 379107.6 378585.8 376256.4 3658.9 0.9 100.0
HQC 7.2 4585229 461517.3 457139.6 452324.5 458005.5 453253.8 456793.9 3446.6 0.7 100.0

Analyst 3 LQC 48 289390.8 294146.1 292971.5 296540.9 295950.1 290347.2 293224.4 2909.1 0.9 100.0
MQC 6.0 365430.0 366310.3 359315.3 371326.4 3672919 364472.3 365691.0 3921.9 1.0 98.5
HQC 7.2 446580.0 452668.4 449784.8 450932.1 453318.0 450189.3 450578.7 2398.6 0.5 100.0
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Table 5.5: Results of Robustness Study of VA and Gly

Variable Value Conc. Peak area (Mean + SD) %Recovery (Mean x SD) Retention time (Mean £ SD)
(Hg/mL) (*N=6) (*N=6) (*N=6)
VA
Flow rate (mL/min) 0.8 6.0 80636.1 +761.1 93.31+0.1 2.1+0.2
1.0 6.0 84567.2 +£557.1 98.8+0.3 26+0.1
1.2 6.0 81865.3 +585.9 95.8+0.2 24+0.2
Ratio of mobile phase (A:B) viv.  68:28 6.0 86161.2 +1108.4 95.4+0.2 24+02
70:30 6.0 88449.5+617.5 103.0+£ 0.1 26+0.1
72:32 6.0 90070.4 +998.2 104.8+£0.2 2.8+0.2
pH 13 6.0 87890 + 1127.1 102.4+0.3 25+0.3
15 6.0 88449.5+617.5 103.0+0.3 2.6+0.2
1.7 6.0 87700.6 + 1153.3 102.2+0.1 2.540.1
Isosbestic point (wavelength in 232 6.0 82685.4 + 1547.9 96.7 £ 0.3 2.2+03
nm) 234 6.0 86041.3 + 660.3 100.0+0.2 2.6+0.2
236 6.0 84315.1+751.5 98.5+0.3 24+03
Gly
Flow rate (mL/min) 0.8 6.0 354639.0 + 3603.4 95.8+0.3 5.3+0.3
1.0 6.0 372876.8 £ 2527.4 100.2+0.2 54+0.1
1.2 6.0 348030.3 £4704.5 942+04 52+02
Ratio of mobile phase (A:B) viv.  68:28 6.0 363875 £ 6978.7 98.0+0.2 5.3+0.3
70:30 6.0 362685 + 2392 97.7+03 54+02
72:32 6.0 375646.4 £ 607.1 100.9+0.2 55+0.1
pH 13 6.0 357292.1 £ 6155.2 96.4+0.3 51+03
15 6.0 371287.6 £ 3476.4 99.8+04 54+02
1.7 6.0 348078.5 £+ 3596.1 94.2+03 53+04
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Isosbestic point (wavelength in 232 6.0 366599.7 £ 6575.6 98.7+04 5.3+0.1
nm) 234 6.0 376127.8 £ 2566.7 101.0+£ 0.2 54+0.2
236 6.0 368094.2 £ 5071.5 99.0+04 5.3+£0.2
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Table 5.6: Parameters of system suitability

Sr.no Parameter VA value Gly value

1 LOD 0.34 pg/mL 0.38 pg/mL
2 LOQ 1.04 pg/mL  1.17 pg/mL
3 Theoretical Plates 4588.82 5478.50

4 HETP 32.68 27.38

5 Tailing factor 0.9 1.0

6 Peak purity index 1.000 1.000

5.8 Formulation Development

5.8.1 Synthesis and characterization of mMPEG-b-PCL copolymer

The diblock copolymer mPEG-b-PCL was synthesized using ring open polymerization reaction
as reported previously [339]. In this reaction, the hydroxyl terminal groups of mPEG as
presented in Fig 5.7 initiated the ring-opening of the epsilon-CL. The final weight of the
synthesized mPEG-b-PCL copolymer obtained was 32 g. The product yield was calculated
using equation (8) and it was found to be 86.9%. The characteristics of the synthesized diblock

copolymer are presented in Table 5.7.

o o)
H,;C OH
o +
n
mPEG Mn ~2000 Epsilon-caprolactone
Sn(Oct), 160°C, 6 hours, N, atmosphere
(o)
H;C 0\/\ (o)
To/\/l/ - ”
n-1 m

mPEG-b-PCL

Fig 5.7: Diagrammatic presentation of the synthesis of diblock copolymer mPEG-b-PCL
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Table 5.7: Molecular characteristics of the synthesized diblock copolymer

Copolymer PEG/PCL feed ratio ®Mw (Da) °Mn(Da) °PDI Tm (°C) DP(PEG) ‘DP (PCL) °HLB

1:20 2115.7 2105.1 1.0 55 34.1 14.3 10.0
mPEG-b-PCL

@ Determined using ESI-MS spectroscopy
> Determined by multiplying DP with molecular weight of the repeating units
¢ Mw/Mn = Polydispersity Index of the copolymer
dDetermined by dividing the My, of copolymer with molecular weight of the repeating units in polymer chain
¢ HLB value calculated by 20 * M, (PEG)/M, mPEG-b-PCL
Abbreviations: Mw, Average molecular weight; M,, Number average molecular weight; PDI, Poly dispersity
index; DP, Degree of polymerization; HLB, Hydrophillic-lipophillic balance
5.8.2 CMC determination
CMC is an essential critical factor that influences the stability and solubilisation characteristics
of APMs. To assess the CMC of the synthesized mPEG-b-PCL, we used iodine as a
hydrophobic probe that easily solubilizes in the micellar core. The conversion of triatomic 13
into I2 in the presence of potassium iodide maintained the saturated solution of I,. The
absorption intensity of 1> was plotted against different concentrations of copolymer (log scale)
as presented in Fig 5.8. The CMC value was obtained from the point on the curve representing
an abrupt increase in absorbance. From this curve, the CMC value was found to be i.e., 1.7

pg/mL.
0.3

0.2

Absorbance

0.1

. (0.23,0.11)

0.0 0.1 0.2 0.3 0.4
Log (Conc in pg/mL)

Fig 5.8: Determination of CMC value of mPEG-b-PCL copolymer
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5.83 FTIR

FTIR spectrum of mPEG-b-PCL is presented in Fig 5.9 and was compared with the FTIR spectra
of mPEG polymer and epsilon-CL. In comparison to the mPEG and epsilon-CL, FTIR spectra
with mPEG-b-PCL copolymer represented sharp and intense bands at 1724.4 cm™ and 1103.2
cm that were showing the presence of carboxylic ester (C=0) and ether (C-O) groups. This
indicated the successful synthesis of mPEG-b-PCL .

5.8.4 NMR

The structure and composition of the synthesized mPEG-b-PCL was assessed by HNMR
spectroscopy in DMSO as presented in Fig 5.10A. The presence of methylenes of PCL and PEG
have observed around 1.2 -1.3 ppm (a, 2H), 1.4-1.5 ppm (b. 4H), 2.28 ppm (c, 2H), 3.3 ppm (f,
3H), and 3.5 ppm (d, 10H) while methyl of PEG was observed at 3.9 ppm (e, 3H). The presence
of triplet at 3.9 ppm (3 protons) arising from the terminal methyl of the PEG block as it links to
the ester group in the PCL indicated the successful synthesis of mPEG-b-PCL.

5.8.5DSC

The thermogram of the synthesized mPEG-b-PCL is presented in Fig 5.10B. In the thermogram,
the melting point of MPEG-b-PCL was observed at 55 °C as a measure of the appearance of the
endothermic peak observed in the thermogram. This indicated the melting of the semi-crystalline
PCL block of the synthesized copolymer.

5.8.6 ESI-MS

The ESI-MS spectrum of mPEG-b-PCL contains very rich information since there is one peak
for each molar mass (Fig 5.10C). Within the displayed m/z range where singly charged ions were
observed, homologue series could be defined from each peak by adding or subtracting 62.07 or
114.14 Da i.e., the mass of the ethylene glycol and caprolactone respectively that corresponds to
one ethylene glycol unit and for each caprolactone unit. It allowed checking against the presence

of by-products, particularly unreacted mPEG or PCL.

[146]



L e o e T LA S e e e e e e e S e e SN s e

1500 M S0 4000 3000 2000 1500 1000
e Vem 3041 Yem
Comment; Date/Time,  6/28/2019 4:52:01 PM Comment: DateTime  6/28/2019 4:50:11 PM
3042 No. of Scans; 3041 No. of Scans;
Resolution; Resolution;
Apodizatica, Apodization;
Siger; Adeintsteator User; Administrator
90-
\ﬂ
TR, PEERL (B ~3 D .2
2 3
F Cu
P A, [ R _ L Stretch
45
L e s - =
154--
4000 3000 2000 1500 1000 500
Diblock Vem
Comment: DateTime: 7/2/2019 1:39:51 PM
Diblock No. of Scans.
Resolution:
Apodization:
User: Adnunstrator

Fig 5.9: FTIR spectra (A) Epsilon-CL (B) mPEG (C) mPEG-b-PCL

01MP :MPEG-PCL
1H_8scan DMSO {D:\Spectra} nmr 20

BRUKER

AVANCE NEO

500 MHz NMR SPECTROMETER
SAIF, PANJAB UNIVERSITY,

[o]
A H,C. d ¢ b b CHANDIGRRH
( )' 3 \{\ 0\/\ o]
(o) (o] H
d . d ¢ a d m Current Data Parameters
NAME 82p06-2019
200
mPEG-PCL 5
F2 - Acquisition Parameters
Date_ 20190906
Time 12.52 h
INSTRUM Avance Neo 500
PROBHD  7119470_0333 (
PULPROG 2g30
65536
SOLVENT DMSO
32
DS o
€ SHH 14705.883 Hz
FIDRES 0.448788 Hz
A0 2.2282240 sec
¢ b RG 42.5532
DR 34.000 usec
DE 6.79 usec
TE 295.7 K
a 1 1.00000000 sec
[ D0
| SFOL 500.1730885 MHz
I| NuclL 18
| ﬁ PO 3.33 usec
Pl 10.00 usec
‘ BLiL 22.02300072 ®
Il ‘ | F2 - Processing parameters
‘ I | Il st ~ 65536
[l | sF 500.1700016 MHz
ke A WoW EM
— — oo o Ria - SSB 0
18 0.30 Hz
ce o
s 1.00
gl [ < I
& |9 o <|oi
T T T T T T T T T T T T T
10 9 8 7 6 5 4 3 2 1 [ ppm



188

(B).

8

Extrapol Peak
55°C

Heat Flow Endo Down (mW) —— ———
»
b

20661
26.98 30 40 50 60 70 80
Temperature ("C)

SAIF/CIL,PANJAB UNIVERSITY,CHANDIGARH
TO!

WATERS,Q-TOF MICROMASS (ESI-MS)
F MS ES+

JASKIRAN QIMP...14 (0.298) M3 [Ev-615704,1150,En1] (0.050,200.00,0.200,1400.00,5,Cmp); Cm (4:56-66:170)
(C) 100 2118.0183_ 122e4
. 12175
o
A [U : 4
21100035 o” ol Tw
i . .
wPEG-PCL
2123.0064
% 6139
AT 21192781
el 5524
21080813  2108.8882
4881 4903
21196428
2117.3003 21222776
284 e %
21150769
3559 2123.8506
3204
21208555
2476
21140251
e 21,0623 2112.0627 213,062 211
o 2 2 2 1 mass
2107 2108 2100 2110 2111 2112 2113 2114 2115 2116 2117 2118 2119 2120 2121 2122 2123

Fig 5.10: (A) 'HNMR spectra, (B) DSC thermogram (C) Mass spectra of mPEG-b-PCL copolymer

[148]



5.8.7 Examination of process variables for optimization of formulation

As per BBD, 17 batches were prepared to evaluate the influence of independent variables coded
as A, B, Conthe responses viz. particle size (R1), EE of VA (R2), EE of Gly (R3), zeta potential
(R4) and PDI (R5) respectively. The results of these 17 batches are presented in the
aforementioned Table 5.8. The lowest particle size (R1) was observed in run 10 (44.6 nm) while
the highest (80.6 nm) was for run 14. Likewise, for EE of VA (R2), the highest value (99.3%)
was obtained in run 8 while the lowest value (80.7%) was observed in run 13. On the other
hand, EE of Gly (R3), the highest value (99.9%) was obtained in run 8 and the lowest value
(90.0%) was observed for run 12.

In the case of zeta potential (R4), the highest value (25.7 mV) was found for run 9 while the
lowest value (9.1 mV) was observed in run 2. Similarly, the lowest value (0.247) of PDI (R5)
was found in run 1 and the highest value (0.454) was observed for run 8. The higher to the lower
ratio for R1, R2, R3, R4 and R5 was found to be 1.8, 1.2, 1.1, 2.8, and 1.8 respectively. The
power of transformation was not required since all the values of higher to lower ratio were below
10. The results of the statistical analysis of the responses using DoE tools is presented in Table
5. The lower value of standard deviation and predicted residual error sum of square (PRESS),
the high value of R-square and P < 0.0001 suggested a quadratic model for all the responses
obtained. The significant effect and the interaction among the variables were determined using
ANOVA as presented in Table 5.9. The F value for all responses was found as follows: R1:
8.16, R2: 6.61, R3: 88.0, R4: 4.10, and R5: 3.61. The P-value was found less than 0.05 in all
cases demonstrating the significance of the model. In addition, the adequate precision values
were found to be greater than 4 (R1: 9.56, R2: 8.51, R3: 32.5, R4: 7.91 and R5: 6.57) This
specified that the used model is adequate. For all responses, the R-squared value was found
above 0.500.
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Table 5.8: Factor level and experimental data for BBD

Factor 1 (Drug to Factor 2 (Drug to Factor 3 (Solvent to R1 (Particle R2 (EE of R3 (EE of R4 (Zeta R5

copolymer ratio) surfactant ratio) antisolvent ratio) Size) nm VA)% Gly)% potential) mV (PDI)
1 0.6 (+) 0.25() 0.2(0) 675 97.4 952 113 0.247
2 0.2() 0.5(0) 0.1() 50.7 87.2 929 9.1 0.27
3 0.4 (0) 0.5(0) 0.2(0) 466 98.7 9.1 16.4 0.323
4 0.4 (0) 0.5(0) 0.2(0) 46.6 98.7 %6 16.4 0.323
5 0.4 (0) 0.5(0) 0.2(0) 46.6 98.7 9.2 16.4 0.323
6 0.4 (0) 0.5(0) 0.2(0) 466 98.7 93 16.4 0.323
7 0.4 (0) 0.75(+) 0.1() 479 987 9.6 215 0.296
8 0.6 (+) 0.75(+) 0.2(0) 4623 99.3 9.9 232 0.454
9 0.4 (0) 0.75(+) 0.3(+) 69.7 977 9.2 25.7 0.367
10 0.6 (+) 0.5(0) 0.1() 446 99.1 98.9 11.2 0.372
1 0.2() 0.5(0) 0.3(+) 516 94.6 95.2 14.1 0.367
12 0.4 (0) 0.25(-) 0.1() 52.1 95.4 9 255 0.361
13 0.2() 0.75(+) 0.2(0) 50.9 80.7 9.7 22.8 0.349
14 0.6 (+) 0.5(0) 0.3(+) 80.6 96.8 986 151 0.295
15 0.4 (0) 0.25(-) 0.3(+) 729 943 941 213 0.343
16 0.2() 0.25(-) 0.2(0) 65.2 83.9 886 14.2 0.325
17 0.4 (0) 0.5(0) 0.2(0) 46.6 98.7 9.1 16.6 0.323
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Table 5.9: Fit summary and ANOVA using DOE tools

Summary
Sequential P value Lack of fit P value Adjusted R-squared
Source R1 R2 R3 R4 RS RL R2 R3 R4 R5 RL R2 R3 R4 RS
Linear 0.021 0.019 <0.0001 0.504 0.495 - - 0.0008 <0.0001 - 0.399 0.409 0.848 -0.034  -0.030
oF] 0.268 0.720 0.0009 0.883 0.017 - - 0.0085 <0.0001 - 0.465 0.323 0.959 -0.263  0.494
. 0.018 0.016 0.0474 0.0078 0.781 - - 0.022 <0.0001 - 0.801 0.759 0.980 0.636 0.375
Quadratic
. - - 0.022 <0.0001 - - - - - - 1.000 1.000 0.996 0.999 1.000
Cubic
Predicted R-squared F-value P-value
Source
Linear 0.137 0.107 0.751 -0.765 -0.739 54.9 4725.3 - - 0.0008 <0.0001
oF] -0.063  -0.704 0.903 -3.002  -0.564 16.5 6657.5 - - 0.0085 <0.0001
. -0.391  -0.684 0.874 -1.542  -3.370 105 2680.1 - 0.0228 <0.0001
Quadratic
Cubic i i i i i i i i
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Sequential model sum of squares (type 1)

Source Sum of squares Df Mean square
Mean vs 51205.2 1.541E+05 1.559E+05 5195.7 1.89 1 1 1 1 1 51205.2 1.541E+05 1.559E+05 5195.7  1.89
total
Linear vs 1073.1 2715 153.1 64.5 0.0056 3 3 3 3 3 357.7 90.5 51.0 215 0.0019
mean
. 320.1 30.0 16.9 20.6 0.0179 3 3 3 3 3 106.7 10.0 5.66 6.89 0.0060

2FI vs linear
Quadraticvs  518.8 165.7 2.92 255.2 0.0015 3 3 3 3 3 172.9 55.2 0.973 85.0 0.0005
2FI
Cubic vs 182.1 54.9 1.36 64.3 0.0094 3 3 3 3 3 60.7 18.3 0.452 214 0.0031
quadratic

. 0.00 0.00 0.172 0.0320 0.00 4 4 4 4 4 0.00 0.00 0.0430 0.0080  0.00
Residual
Total 53299.4 1.546E+05 1.561E+05 5600.5  1.92 17 17 17 17 17 3135.2  9096.0 91834 329.4 0.1129
Lack of fit tests
Source Sum of squares Df Mean square
Linear 1021.1  250.7 21.2 340.2 0.0288 9 9 9 9 9 113.4 27.8 2.36 37.8 0.0032
oF| 700.9 220.7 428 319.5 0.0108 6 6 6 6 6 116.8 36.7 0.713 53.2 0.0018
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Quadratic 182.1 54.9 1.36 64.3 0.0094 3 3 3 3 3 60.7 18.3 0.452 21.4 0.0031

Cubic 0.00 0.00 0.00 0.00 0.00 0 0 0 0 0 - - -

0.00 0.00 0.172 0.032 0.00 4 4 4 4 0.00 0.00 0.043 0.008 0.00
Pure error 4

Model summary statistics

Source Std. Dev. R? Adjusted R?

Linear 8.86 4.39 1.28 512 0.047 051 051 087 0.15 0.16 0.39 0.40 0.84 -0.03 -0.03
oF 8.37 4.70 0.66 5.65 0.032 0.66 057 097 0.21 068 0.46 0.32 0.95 -0.26 0.49
Quadratic 5.10 2.80 0.46 3.03 0.036 091 089 0.99 0.84 0.72 0.80 0.75 0.98 0.63 0.37
Cubic 0.00 0.00 0.20 0.08 0.00 1.00 1.00 099 0.99 1.00 1.00 1.00 0.99 0.99 1.00

Model summary statistics

Predicted R? PRESS Adjusted R?
Source

Linear 0.13 0.10 0.75 -0.74 -0.73  1806.7 466.2 434 706.9 0.059 0.39 0.40 0.84 -0.03 -0.03

[153]



2FI -0.06

Quadratic 0.39

Cubic

-0.70

-0.68

0.90

0.87

-3.00

-1.54

-0.56

-3.37

22264 890.0 168

29142 879.6 219

1620.0

1029.2

0.053 0.46

0.150 0.80

1.00

0.32

0.75

1.00

0.95

0.98

0.99

-0.26

0.63

0.99

0.49

0.37

1.00

[154]



The results of ANOVA obtained indicated that the responses have been influenced significantly
concerning the independent variables. The polynomial equation for different responses is
presented from equation (23) to (27).

Particle size,(R1) = +2.58 A —5.36*B +994«C — 1.73 *AB + 8.78 * AC +

2.500 * BC +3.55* A2+ 7.32 % B2 + 6.73 * C? ... Equation (23)

EE of VA,(R2) = +5.78 * A + 0.6750 * B + 0.3750 * C + 1.27 * AB — 2.42 * AC +

0.0250 * BC —5.24 x A? — 3.14 * B2+ 0.9625 * C? ... Equation (24)

EE of Gly,(R3) = +2.03%*A+3.81*B +0.7125 % C — 1.60 * AB — 0.6500 * AC —

1.12 * BC + 0.6325 * A2 — 0.0425 * B2 + 0.5075 * C2 ... Equation (25)

Zeta potential,(R4) = +0.0750* A+ 2.61 *B + 1.11 = C + 0.8250 * AB — 0.2750 *

AC +2.10 * BC — 4.84 * A2 + 6.28 * B2 4+ 0.7800 * C2 ... Equation (26)

PDI,(R5) = +0.0071 * A+ 0.0237 * B + 0.0091 = C + 0.0458 * AB — 0.0435 * AC +

0.0222 x BC ... Equation(27)
The positive sign in the obtained polynomial equations indicated the synergistic effect of
factors on the responses. Whereas the negative sign specified the antagonistic effect of the
factors on the responses. For particle size (R1), an increase in the value was observed with an
increase in factor A, C, and with an increase in the combination of factors AC, BC, B2 and C?
and decrease in the value with an increase in factor B, and with an increase in the combination
of factors AB. Similarly, EE of VA increased with an increase in factors A, B, C and with an
increase in the combination of factors AB, BC, and C?, and decreased with an increase in the
combination of factors AC, A2, and B2 The EE of Gly increased with an increase in factors
A, B, C, and with a combination of factors A2, and C?, and decreased with an increase in the
combination of factors AB, AC, BC, and B2. The zeta potential of APMs increased with an
increase in factors A, B, C, and with an increase in the combination of factors AB, BC, B?,
and C?, and decreased with an increase in the combination of factors AC and A2,
Despite having an antagonistic or synergistic effect of factors on responses, the effect may not
be so significant. To determine the significance of the effect of different factors on responses,
a perturbation plot is used. This reveals the significant influence of the factors dominating a
specific response. The perturbation plot graphs for all factors are shown in Fig 5.11. Fig 5.11A
indicated that factor C was having more dominant effect than factors A and B on the particles
size. Similarly, Fig 5.11B showed that the effect of factor A was more dominant than factor
B and C. In Fig 5.11C, it was found that the effect of factor B was more dominant than factor
Aand C on EE of Gly. Similarly, in Fig 5.11D it was observed that the effect of factors B and
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C was equally dominant than factor C on the zeta potential of APMs. Lastly, Fig 5.11E
indicated that both factors B and C was equally dominant over that of factor C.

Further, these polynomial equations generated 3D response surface plots for a more detailed
understanding of the design i.e., the effect of interaction of three different factors (A, B, C)
onto the three different responses (R1, R2 and R3) as presented in Fig 5.12 22, 5.13 23 and
5.14 24. Fig 5.12A indicated that with an increase in factor A (drug to copolymer ratio) and
B (drug to surfactant ratio), particle size (R1) decreases. The effect of factors A and C on R1
is presented in Fig 5.13A, indicating increase in particle size (R1) with an increase in factor
A and factor C respectively. The effect of factor B and C on R1 is presented in Fig 5.14A,
indicating decrease in particle size (R1) with an increase in factor B and increase in particle
size (R1) with an increase in factor A respectively. Fig. 5.12B represents that with an increase
in factor A (drug to copolymer ratio); an increase in EE of VA (R2) was observed. Whereas,
with an increase in factor B (drug to surfactant ratio), a decrease in EE of VA (R2) was seen.
The increase in EE of VA was observed with increase in factor A while decrease in EE of VA
was seen with an increase in factor C respectively as presented in Fig 5.13B. Furthermore,
decrease in EE of VA was observed with an increase in factor B and C up to a certain level
followed by increase in EE of VA as presented in Fig 5.14B. Fig. 5.12C indicated an increase
in EE of Gly (R3) with an increase in factor B (drug to surfactant ratio) while an increase in
factor A (drug to copolymer ratio) decrease in EE of Gly (R3) was noted. An increase in EE
of Gly (R3) was observed with an increase in factor A and C as presented in Fig 5.13C. The
EE of Gly (R3) was increased at a greater extent with an increase in factor B than factor C as
presented in Fig 5.14C. Fig 5.12D presents an increase in zeta potential (R4) with the increase
in factor B (drug to surfactant ratio) while an increase in factor A (drug to copolymer ratio)
decrease in zeta potential (R4) was observed. Increase in zeta potential (R4) was observed
with an increase in factor A and C up to a certain level as presented in Fig 5.13D. Similarly,
an increase in factor B and C indicated increase in zeta potential (R4) as presented in Fig
5.14D. Lastly, Fig 5.12E indicated a decrease in PDI (R5) with the increase in factor B (a
drug to surfactant ratio) whereas an increase in factor A (drug to copolymer ratio) increase in
PDI (R5) of APMs was seen. Increase in PDI (R5) was observed with an increase in factor A
and C as presented in Fig 5.13E. Further, decrease in PDI (R6) was seen with increase in

factor C while increase in R6 was observed with an increase in factor B as shown in Fig 5.14E.
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This signifies that both factors A and B have an antagonistic effect on the particle size (R1)
as its value was decreased. An increase in the ratio of drug to copolymer and surfactant
formed small APMs, which could be due to increased hydrophobicity of the micellar core
that was able to form compact APMs. This resulted in a decrease in the particle size of drug
co-loaded APMs with the increase in factor A and B. Factor A have a synergistic effect on
EE of VA (R2) that could be because of the availability of the more amphiphilic molecules
that led to the formation of APMs with higher EE. However, factor A shows an antagonistic
effect on EE of Gly (R3) that could be because of the presence of CTAB, which provide
more compatible hydrophobicity to entrap Gly. As a result, factor B showed a synergistic
effect on the EE of Gly. Factor B have a synergistic effect on zeta potential (R4) because
of the cationic surfactant CTAB which provide a more steric hindrance between the
particles. In agreement with this, factor B have an antagonistic effect on the PDI (R5) as
the incorporation of CTAB provided improved homogeneity in the micellar system.
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5.8.8 Graphical optimization

To find out the levels of factors A to C, graphical optimization of the formulation was
carried out which showed particle size (R1) in the range of 31.8-57.4 nm, EE of VA (R2)
in the range of 90.3-100.0, EE of Gly (R4) in the range of 98.8-100.0, zeta potential (R5)
in the range of 15.3-30.5, and PDI (R6) in the range of 0.256-0.405 respectively. The
predicted values obtained through BBD for the three factors were 0.40 (A), 0.75 (B) and
0.1 (C) (Fig 5.15). These predicted values of factors were used to develop the optimized
batch of the co-loaded APMs. Hence, the final formula composition as per BBD for 100
mL of GV-APMs was 12.5 mg of Gly, 180 mg of VA, 481.2 mg of copolymer, 256.6 mg
of CTAB and water quantity sufficient to 100 mL. This implied that for 1mL of formulation
that was to be administered to rats orally contained 0.5 mg/kg of Gly, 7.5 mg/kg of VA,
19.2 mg/kg of copolymer, and 10.2 mg/kg of CTAB once daily. The ratio of Gly and VA
in the APMs was 0.07. It is pertinent to add that the amount of CTAB used in the APMs
(ImL) was about 10 mg/kg daily, which comes under the safety limits of CTAB
concentration (i.e., 20 mg/kg) [360]. The experimental value of particle size was 46.82 nm,
EE of VA was 93.4%, EE of Gly was 97.9%, the zeta potential was 12.5 mV, and PDI was
0.281. All these values were found to lie within the predicted values (i.e., R1=44.6 nm,
R2=97.3%, R3=100%, R4=22.9 mV, R5=0.331). This specified the reproducibility of the

optimization method.
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Fig 5.15: (I). The overlay plot representing optimized composition for GV-APMs, (11). (A) Blank APMs;

(B) VA-APMs; (C) Gly-APMs; (D) GV-APMs
5.9 Characterization of optimized GV-APMs
59.1FTIR
The FTIR spectra of raw Gly, raw VA, CTAB, mPEG-b-PCL and GV-APMs is presented
in Fig 5.16. The FTIR spectrum of raw Gly reveal the presence of C=0 group at 1712.8
cm? of frequency, S=O group at 1340.5 cm™, amide group at 3331 cm™? and C=C-H
stretching at 1614.4 cm™. Whereas FTIR spectrum of raw VA showed the presence of C=0
at a frequency of 1672.3 cm, O-C-O group at 1024.2 cm™ and O-H functionality at 3477.7
cm?. The FTIR spectrum of CTAB exhibited C-H stretching at 1478.4 cm™ of frequency,
symmetric and asymmetric CHa stretching vibrations at a frequency of 2848 and 2918 cm"
1. The mPEG-b-PCL spectrum showed the alkyl C-H stretch at 2868.2 cm™, and 2939.6
cm? along with C=0 functionality at 1724.4 cm™. In agreement with the data obtained
above, GV-APMs spectrum shows the presence of raw Gly and VA characteristic peaks,
which express the proper loading of both the drugs in the APMs. The remarkable trait of
the FTIR spectra of APMs was the blue shift of the C=0 vibration, from 1724.4 to 1644.1
cm for GV-APMs in comparison to the mPEG-b-PCL spectrum. The shift in the co-loaded
APMs indicated the existence of some form(s) of interaction between raw drugs and the
C=0 functional group of the copolymer.
5.9.2DSC
The DSC thermograms corresponding to raw Gly, raw VA, CTAB, mPEG-b-PCL
copolymer and GV-APMs exhibiting a sharp endothermic peak at 169 °C, 218 °C, 100 °C
and 55 °C is presented in Fig 5.17. As it is clear, there was no peak visible near the melting
point of raw drugs (Gly and VA) for co-loaded APMs thermogram, which can be indicative
of successful loading of both drugs in APMs. The developed GV-APMs showed two
endothermic peaks at 46.2°C and 96.1°C representing the melting of mPEG-b-PCL and
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CTAB co-relation in the form of APMs. This endothermic peak of APMs probably
confirmed the physical interaction between mPEG-b-PCL-CTAB systems upon entrapping
both the drugs in APMs, since the melting point of GV-APMs was lower than the melting
point of both mPEG-b-PCL (55°C) and CTAB (100 °C).
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Fig 5.16: (A) FTIR spectra and (B) DSC thermogram of raw Gly, raw VA, CTAB, mPEG-b-PCL, GV-APMs
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5.9.3 SEM analysis

The SEM images of raw drugs (VA and Gly), CTAB, and GV-APMs is presented in Fig 5.18.
Fig 5.18A presents flat and long crystals of VA with sharp edges and filiform habit. Raw Gly
appeared as a rectangular smooth blade-like crystal as presented in Fig 5.18B. The synthesized
mPEG-b-PCL copolymer appeared waxy with an irregular shape as presented in Fig 5.18C.
Similar to the shape of VA, CTAB appeared as a long cylindrical structure with needle shape
ends as presented in Fig 5.18D. GV-APMs present a semi-crystalline structure with waxy and

irregular edges with spherical morphology as shown in Fig 5.18E.
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Fig 5.18: SEM images of A) VA; B) Gly; C) mPEG-b-PCL; D) CTAB; E) GV-APMs

5.9.4 Particle size and zeta potential

The optimized GV-APMs revealed a unimodal size distribution with an average particle size
of 46.82+2.1 nmand an average zeta potential of 12.5+3.1 mV. The polydispersity index (PDI)
of GV-APMs was 0.281+0.2. The results of the particle size and zeta potential are presented
in Fig 5.19A and B. All the values were found near the range predicted by DoE software.
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A)

5.9.5 HR-TEM analysis

The TEM image of optimized GV-APMs is presented in Fig 5.19C. It demonstrates that the GV-APMs

are spherical with a smooth surface and having an average particle size of 34.3 nm. TEM analysis

revealed less particle size in comparison to the DLS particle size analysis [361]. DLS measure the

hydrodynamic particle size; however, the loss of water during TEM analysis can be credited for a

decrease in the particle diameter [362].

Results
Size (d.n... % Intensity: St Dev (d.n...
Z-Average (d.nm): 46.82 Peak1: 5291 96.7 20.11
Pdi: 0.281 Peak 2: 5366 18 331.1
Intercept: 0.956 Peak 3: 11.73 15 1.805

Result quality Good

Size Distribution by Intensity

Intensity (Percent)

Size (d.nm)

—Record 357: GV-APMs

B)

Results

Mean (mV) Area (%) St Dev (mV)
Zeta Potential (mV): 125 Peak 1: 125 100.0 7.30
Zeta Deviation (mV): 7.30 Peak 2: 0.00 0.0 0.00
Conductivity (mS/cm): 0.223 Peak 3: 0.00 0.0 0.00
Result quality Cood
Zeta Potential Distribution
2000001
150000 . /\
100000 _;
/
0
100 0 100 200

Apparent Zeta Potential (mV)

** GV-APMs

100 nm

Fig 5.19: GV-APMs (A) Average particle size (B) Zeta potential (C) TEM
**Appearance of optimized GV-APMs
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5.9.6 EE and DL of GV-APMs

The EE% and DL% of Gly and VA in the optimized co-loaded APMs (GV-APMs) were calculated
using equations (9) and (10) as per the previously published method [347]. For this, the concentration
of both the drugs unentrapped in the formulation was determined using HPLC with the developed
analytical method for the simultaneous estimation of both the drugs. The mean AUC for Gly and VA
was found to be 249433 and 1624862 cm™ and their concentration in the supernatant was obtained
using calibration equation of the developed analytical method. The EE% and DL% of Gly were found
to be 97.9+0.24% and 1.62+0.32% whereas, for VA it was found to be 93.4+0.15% and 19.3+0.20%
respectively.

5.9.7 In vitro drug release kinetic modelling studies

To study the impact of the various release media on the release profile of both the drugs from co-loaded
APMs, the release study was carried out in PB solutions of varying pH. The DD% of both the drugs co-
loaded in APMs at pH 1.2, 6.8 and 7.4 was calculated using equation (11) (Fig 5.20). As shown in Fig
5.20A the release of Gly loaded in APMs was found to be pH-dependent with enhanced DD% compared
to the raw Gly and its physical mixture with VA. The release of Gly from APMs was found to be 16.2%
in pH 1.2 over 2h, 28.5% in pH 6.8 over 4h and 89.5% in pH 7.4 over 48h in a controlled manner. This
controlled-release pattern of Gly can be attributed to the entrapment of Gly in the core of the APMs.
Similarly, a pH-dependent release pattern was observed in the case of raw Gly owing to its pH-
dependent solubility (weak acid) but the DD% was extremely poor due to its poor oral bioavailability.
However, in the physical mixture, the DD% of Gly was observed to be increased by 1.2-folds (P<0.01)
than raw Gly. This could be due to the ability of the hydroxyl group of the VA to form hydrogen bonds,
which ultimately increased the water solubility of the hydrophobic drug Gly. With this agreement, the
DD% of Gly from co-loaded APMs was found to be higher i.e., 20.9% in pH

1.2 over 2h, 32.4% in pH 6.8 over 4h and 94.5% in pH 7.4 over 48h than that of Gly-APMs. Overall
the %DD of Gly in GV-APMs was enhanced by 1.9-folds (p<0.001) and 1.6-folds (p<0.001) than that
of raw Gly and Gly in physical mixture respectively.

However, the release of VA from APMs was found to be 62.5% in pH 1.2 for 2h, 86.5% in pH 6.8 for
4h and 100% in pH 7.4 over 8h respectively. Similar to Gly, it displayed pH-dependent solubility. The
developed APMs successfully sustained the VA release more than that of raw VA however; the
sustainability offered by the micellar core was less than Gly. This could be due to the amphiphilic nature
of the VA that resulted in weaker hydrophobic interaction with the PCL core. In the physical mixture,
the release of VA was observed to be delayed i.e., by 1.2-folds (p<0.01) than raw VA which could be
due to the hydrophobic influence of the drug Gly as presented in Fig 5.20B. In co-loaded APMs, the
DD% of VA was found to be 33.8% in pH 1.2 for 2h, 57% in pH 6.8 for 4h and 100% in
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(A)

pH 7.4 for 16h respectively. The co-loaded APMs sustained the release of VA by 1.8-folds (p<0.01) in
pH 1.2, 1.5-folds (p<0.001) in pH 6.8, and 1.2-folds (p<0.001) in pH 7.4 than VA-APMs respectively.
Therefore, the developed APMs can be regarded as highly attractive nanocarriers for both time-

controlled drug deliveries for the drugs with poor bioavailability to achieve different therapeutic

objectives. The various dissolution model fitting parameters computed are summarized in Table 5.10

(A and B).
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Fig 5.20: Release profiles of Gly and VA from co-loaded GV-APMs in different release media (A) Gly release in pH 1.2 over

2h, pH 6.8 over 4h and pH 7.4 for 48h; (B) VA release in pH 1.2 over 2h, pH 6.8 over 4h and pH 7.4 for 48h

Table 5.10A: Drug release kinetic model fitting in various dissolution models

Drug release model Raw Gly Raw VA Gly-APMs  VA-APMs
R AIC R AIC R AIC R AIC
Zero-order 0983 554 0.795 327 0847 99.1 0.774 49.9
First-order 0974 602 0999 110 0986 706 0999 123
Higuchi 0922 734 0978 241 0987 698 0981 356
HC 0978 585 0999 65 0.969 807 0.997 244
BL 0911 749 0996 166 0.987 700 0982 354
KP 0983 57.3 0.994 205 0.988 713 0.995 30.4
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Table 5.10B: Drug release kinetic model fitting in various dissolution models

Drug release model Physical mixGly  Physical mix VA  GV-APMs (Gly) GV-APMs (VA)

R AIC R AIC R AIC R AIC
Zero-order 0.983 554 0.727 41.7 0.816 1024 0884 644
First-order 0.978 63.0 0.998 43.6 0.988  70.5 0.995 629
Higuchi 0.931 76.6 0.981 28.9 0986 721 0.862  103.3
HC 0.982 60.6 0.990 25.8 0974 798 0.927  96.1
BL 0.918 78.6 0.997 194 0990 679 0.961 56.0
KP 0.987 58.2 0.996 23.0 0989 712 0.980 52.7

The dissolution efficiency (DE) of Gly in the physical mix with VA and in GV-APMs was
increased by 1.2- and 3.1-folds than the raw Gly respectively. Whereas, DE of VA in GV-APMs
was retarded by 1.0-folds along with more sustained release profile, and indicated potential in
enhancing its residence time in the body. The developed formulation indicated significance in
overcoming the challenges associated with VA i.e., rapid dissolution. Similar, profile of VA in
terms of DE was observed in physical mix with Gly.

According to the release kinetic fitting models, both the individual drug loaded APMs (Gly
APMs/VA-APMs) followed zero-order kinetic model as a measure of highest AIC value
obtained. Therefore, this indicated that the release of both the drugs loaded in APMs was found
independent of their concentration. Similar to the release kinetics in Gly-APMs, the release of
Gly loaded in GV-APMs followed zero-order kinetics whereas, the release of VA from GV-
APM s followed Higuchi model.

5.9.8 In vitro Caco-2 toxicity study

The results revealed that the raw Gly and VA were nontoxic to the cells in contrast to the drugs
loaded in APMs. The higher concentration of raw Gly (62.5 pg/mL) exhibited highest cell
inhibition of 15%, which indicated more than 80% of the cell viability. Whereas raw VA (62.5
pg/mL) exhibited highest cell inhibition of 7.8% at its highest concentration which revealed more
than 90% of the cell viability, which was calculated using equation (12). In the case of APMs,
concentration-dependent toxicity was observed on cells. Both the Gly and VA loaded individual
APMs at the highest concentration (62.5 pg/mL) displayed 70% of the cell viability. Similarly,
in the case of co-loaded APMs, the cell viability (%) was observed to be 70%. The highest cell
viability (%) of more than 90% was observed at the lowest concentration of the developed APMs
(0.9 pg/mL). According to the International Organization for Standardization (1ISO 10993-5),
70% is commonly accepted as the threshold for cell viability [363]. The cytotoxicity profile of
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the blank APMs at all the concentrations that correspond to drug-loaded APMs showed no
potential cytotoxicity to the cells; the cell viabilities were up to 70%. The 1Cso value of the raw
drugs and their value upon loading in APMs was obtained using Graph pad prism 2.0 software.
The 1Cso value of the raw Gly was found to be 1.42 pg/mL while upon loading in APMs it was
found to be 1.10 pg/mL. In the case of VA, the I1Cs value was found to be 1.17 pg/mL and 1.03
pg/mL upon its loading in APMs. However, in co-loaded APMs the 1Cso value was found to be
0.96 pg/mL. This indicated that both the drugs are effective at the lowest concentrations in APMs
and will exhibit lower systemic toxicity upon oral administration. The results of the cytotoxicity
study are presented in Fig 5.21A.

5.9.9 Passive glucose uptake study

The HepG2 cells showed a time-dependent increase in the glucose uptake profile i.e., 25% at 6h,
45% at 12h and 100% at 24 h respectively as shown in Fig 5.21B. This indicated normal
physiological functioning of the cultured HepG2 cells in response to higher exposure of glucose
in the medium or kinetics of glucose absorption.

5.9.10 Insulin-resistant HepG2 cell model

IR is one of the factors responsible for metabolic diseases such as hyperglycaemia,
hyperinsulinemia and hypertriglyceridemia, which are common features of T2DM. This
condition primarily affects hepatic cells in which glycogen synthesis becomes altered. As a result,
excessive hepatic glucose production occurs [348]. Such event contributes to hyperglycaemia.
To establish an in vitro insulin-resistant model of hepatic cells and to determine the influence of
different insulin concentrations on glucose metabolism in the cell model, HepG2 cells were
incubated with insulin (0.005 puM -50 uM) to build an insulin-resistant cell model. Analysis of
the data showed no significant increase (p<0.01) in the glucose uptake compared to starved cells
growing in MEM with 1% FBS at all the time points, confirming that the HepG2 cells are resistant
to insulin. As presented in Fig 5.21C, the most significant decrease in the glucose uptake by
HepG2 cells was observed with 500nM of insulin after incubation for 6h.

5.9.11 Selection of non-cytotoxic concentration

To determine the cytotoxic effect of the different treatments on HepG2 cells, percentage growth
inhibition was measured by comparing the optical density value of treated cells with that of
control untreated cells by using the equation (13). Results of HepG2 cytotoxicity data showed a
dose-dependent growth inhibition with raw Gly, raw VA, their physical mix, Gly-APMs, VA-
APMs, and GV-APMs. Amongst the various treatments, raw VA was found to be the safest drug

on HepG2 cells. The results are presented in Fig 5.21D. Based on this study, the concentration
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with minimal cytotoxicity (<30% cell growth inhibition compared to control cells treated with
vehicle) was selected for further glucose uptake study in insulin-resistant cells.

5.9.12 Glucose uptake study in insulin-resistant HepG2 cells

Based on the aforementioned study, the least cytotoxic concentration range for each treatment
was selected i.e., from 0.9 to 31.2 pg/mL for all the test compounds. The sampling was done at
6h and 24h to measure changes in the glucose concentration using equation (14) when the passive
uptake is minimal and maximal. The results revealed a significant difference (p<0.001) in the
reduction of glucose concentration (%) by the exposed treatments in a dose-dependent manner
upon incubation for 6h than that of 24h respectively using paired student t-test. The highest
glucose-lowering effect by the treatments was observed at 31.2 ug/mL. However, the developed
APMs showed improvement in glucose consumption at 24h as well in comparison to the raw
drugs and their physical mix.

Analysis of the data at 6h revealed 1.7-folds (p<0.05) and 2.0-folds higher glucose reduction by
the physical mix than that of raw drugs at an equivalent concentration of 31.2 pg/mL respectively.
The loading of Gly in Gly-APMs increased the glucose lowering action by 1.8-folds (p<0.05)
than that of raw Gly while VA-APMs increased the glucose lowering action by 1.9-folds (p<0.05)
than that of its raw form respectively at the highest concentration. The co-loading of both the
drugs in optimized GV-APMs resulted in 3.3-folds (p<0.01) and 4.0-folds (p<0.05) higher
glucose lowering action than the raw Gly and raw VA respectively (Fig 5.21E). In addition to
this, GV-APMs increased the glucose consumption by 1.9-folds (p<0.05) than that of physical
mix respectively.

Further, the similar results were obtained with all the treatment at 24h as presented in Fig 5.21F.
The exposure of physical mixture at the highest concentration resulted in 1.2-folds (p<0.05) and
1.4-folds (p<0.05) higher glucose consumption by the insulin-resistant HepG2 cells than that of
the raw Gly and raw VA respectively upon incubation after 24h. Furthermore, the developed
optimized GV-APMs exhibited 2.0-folds (p<0.05) higher glucose lowering action than that of its
physical mix.

The interaction between the natural product VA with the marketed drug Gly was determined by
calculating the CI using equation (15). The CI for Gly with VA in GV-APMs at a concentration

of 31.2 pg/mL was found equal to 1, indicating additive interaction between both the drugs.
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Fig 5.21: (A) Cell line cytotoxicity study of raw drugs (Gly and VA), Gly-APMs, VA-APMs, GV-APMs; (B) Time-dependent increase in the passive glucose
uptake profile by HepG2 cells; (C) Insulin-stimulated glucose uptake in HepG2 cell line. Data are expressed as mean + SEM, n=3, level of significance was
considered as P<0.05 (one-way ANOVA), ™ compared to the control; (D) Cytotoxicity of different treatments in insulin-resistant HepG2 cells; (E) Effects of
the raw drugs and drug-loaded/co-loaded APMs on glucose consumption by HepG2 cells after 6h. Data are expressed as mean + SEM, n=3, a indicates P <
0.001; B indicates P < 0.01 and y indicates P < 0.05 with respect to raw drugs, a indicates P < 0.001; b indicates P < 0.01 and c indicates P < 0.05 with respect
to physical mix, using one-way ANOVA for different treatment groups; (F) Effects of the raw drugs and drug-loaded/co-loaded APMs on glucose consumption
by HepG2 cells after 24h. Data are expressed as mean = SEM, n=3, o indicates P < 0.001; f indicates P < 0.01 and y indicates P < 0.05 with respect to raw

drugs, a indicates P < 0.001; b indicates P < 0.01 and c indicates P < 0.05 with respect to physical mix, using one-way ANOVA for different treatment groups
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5.10 Development of bioanalytical method

5.10.1 Chromatograms of mixture

The chromatogram of both the drugs (VA and Gly) and GA as IS is presented in Fig 5.22B along with
their respective RT i.e., 2.3 min for GA, 2.6 min for VA and 5.6 min for Gly respectively.

5.10.2 Specificity studies

Specific method was developed as the chromatogram of blank plasma did not show interference with
any peak of two drugs at RT as presented in Fig 5.22A and C. The chromatogram of both drugs in
plasma solution with GA also indicated method specificity without any peak interference at RT of both
drugs as shown in Fig 5.22B.
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Fig 5.22: A). Chromatograms of GA, VA and Gly in mobile phase, B). Chromatogram of GA, VA and Gly

in plasma, C). Chromatogram of blank plasma

5.10.3 Calibration curve development

Developed calibration curve of two drugs in mobile phase and plasma was linear in the
decided range of 100 to 500 ng mL* with R? values more than 0.999 as shown in Fig 5.23A
to D. The results of area ratio of analyte/IS versus concentration calibration curve were
also found linear with R? values of 0.9991 and 0.9992 for VA in plasma and in mobile
phase. Similarly, for Gly R? values were found to be 0.9993 in plasma and 0.9995 in mobile
phase. The results are shown in Fig 5.23E to 3H.
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5.10.4 Accuracy studies

Accuracy was determined employing the percentage recovery method. Percentage
recovery of both the drugs was determined from the prepared LQC, MQC and HQC
solutions using equation (23). The results revealed that the percentage recovery obtained
for each sample were inside the acceptable boundaries (95%-105%) along with %RSD less
than 2. This deemed established analytical method accurate under the experimental

conditions. Results are presented in Table 5.11.
Table 5.11: Results of accuracy study for VA and Gly in plasma

Level Concentration (ug/mL) Drug Recovery (ug/mL) Recovery in plasma (%0)
Mean S.D RSD (%0)

VA
LQC 0.24 023 56.8 11 96.3
MQC 0.30 031 485 0.8 103.3
HQC 0.36 035 754 11 97.2
Gly
LQC 0.24 025 1659 1.6 105.0
MQC 0.30 030 2051 1.6 100.0
HQC 0.36 0.36 2502 17 100.0

5.10.5 Precision estimation of the developed method

Precision was measured by estimating the % RSD of the prepared HQC, MQC and LQC
samples that were injected in six replicates at inter-analyst, intraday and inter-day
precision. Under the experimental conditions, the % RSD was found to be lower than two,
deeming the analytical method precise. The data is presented in Table 5.12 (A, B and C).
5.10.6 LOQ and LOD

LOQ and LOD of the drugs (VA and Gly) were determined in plasma and in the mobile
phase using equation (24) and (25). LOD and LOQ of VA in plasma and in mobile phase
were estimated to be 18, 55, 17 and 52 ng/mL correspondingly. While for Gly it was found
to be 15, 47, 13 and 40 ng/mL correspondingly. Hence, a sensitive analytical method with

the capability to detect and analyze the two drugs at low concentrations was developed.
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Table 5.12A: Results of the intraday precision estimation for VA and Gly in plasma

Level AUC1 AUC2 AUC3 AUC4 AUC5 AUC6 Mean S.D. RSD (%)
em)  (em)  (em)  (em’) () (emd) (emd)
VA in plasma
LQC 52129 51223 5056.8 51782 51871 51346 51486 562 1.0
MQC 60112 6067.3 61346 6101.3 60925 60452 60753 437 0.7
HQC 66342 65012 6499.8 66673 66234 6639.4 65942 740 1.1
Gly in plasma
LQC 102113 101089 10367.5 10189.5 104539 106729 103339 190.0 1.8
MQC 121249 124713 12390.9 12534.1 126751 128151 125019 217.7 1.7
HQC 141221 140342 14371.3 144322 141283 147585 14307.7 246.3 1.7
Table 5.12B: Results of the interday precision estimation for VA and Gly in plasma
Level Day AUC1 AUC2 AUC3 AUC4 AUC5 AUC6 Mean S.D. RSD
em’)  (em)  (em?)  (em’)  (em?)  (em)  (em?) (%)
VA in plasma
LQC 1 52182 52334 51653 51872 51672 51842 51925 276 05
2 51231 51554 51674 5299.3 52454 52894 52133 745 14
3 52713 52043 52193 5166.1 51342 51770 51953 476 0.9
MQC 1 61221 61356 6087.3 60922 61673 61899 61324 40.7 0.6
2 60563 61782 61224 61014 6059.2 61543 61118 497 08
3 61922 62056 62001 62883 61765 61135 6196 56.2 0.9
HQC 1 66234 65553 65845 65773 66853 66529 6613.1 496 0.7
2 65324 65045 66573 66884 66713 6610.2 66106 765 1.1
3 64884 6566.2 66225 6620.3 65115 65294 65563 564 0.8
Gly in plasma
LQC 1 102113 101089 103675 10189.5 104539 106729 103339 190.0 1.8
2 103424 111242 102535 10156.3 10378.3 10247.2 10200.3 117.7 1.1
3 102882 101675 100214 102725 101437 101927 101810 970 0.9
MQC 1 126737 129899 123457 126232 125943 12926.6 12692.2 2359 1.8
2 121249 124713 123909 125341 12675.1 128151 12501.9 217.7 1.7
3 12357.2 121625 124305 12163.6 125245 120036 122736 1959 15
HQC 1 140265 143423 140843 139975 14283.6 14021.7 141259 1487 1.0
2 142336 141456 142624 145411 140395 14594.2 143194 2093 1.4
3 141221 140342 143713 144322 141283 147585 14307.7 2463 1.7
Table 5.12C: Results for the Inter-analyst precision estimation for VA and Gly in plasma
Level 1A AUC1 AUC2 AUC3 AUC4 AUC5 AUC6 Mean SD. RSD
em’) (cm’)  (em?)  (em’)  (em’)  (em?)  (em?) (%0)
VA in plasma
LQC 1Al 53513 52043 52193 51261 51742 5177.0 52087 767 14
IA2 52329 51623 5036.8 5168.2 51271 51646 51486 646 1.2
IA3 51731 51054 51474 52193 52754 52194 51900 604 1.1
MQC 1Al 61221 61656 6027.3 60222 6137.3 6199.9 61124 729 1.1
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IA2
IA3
HQC 1AL
IA2
IA3

6010.2
6192.2
6468.4
6634.2
6623.4

6047.3
6205.6
6546.2
6521.2
6555.3

6234.6
6200.1
6632.5
6459.8
6584.5

6151.3
6288.3
6670.3
6627.3
6577.3

6142.5
6176.5
6521.5
6613.4
6685.3

6055.2
6113.5
6429.4
6579.4
6652.9

6106.8
6196.0
6544.7
6572.5
6613.1

83.8
56.2
92.8
69.0
49.6

13
0.9
14
1.0
0.7

Gly in plasma

LQC 1AL
IA2
IA3
MQC 1AL
IA2
IA3
HQC 1AL
IA2
IA3

10228.2
10411.3
10242.4
12324.9
12024.9
12657.2
14333.6
141221
14331.2

10117.5
10208.9
10024.2
12271.3
12101.3
12462.5
14245.6
14034.2
14552.2

10031.4
10467.5
10153.5
12190.9
12020.9
12630.5
14462.4
14371.3
14724.2

10572.5
10689.5
10006.3
12134.1
12334.1
12263.6
14641.1
14432.2
14023.3

10153.7
10853.9
10078.3
12375.1
12475.1
12624.5
14239.5
14128.3
14276.2

10172.7
10972.9
10147.2
121151
12015.1
12103.6
14194.2
14758.5
142215

10212.6
10600.6
10108.6
12235.2
12161.9
12456.9
14352.7
14307.7
14354.7

187.9
289.0
89.3

105.3
195.7
228.2
170.2
269.8
248.9

1.8
2.7
0.8
0.8
1.6
1.8
11
1.8
1.7

5.10.7 System suitability

Parameters indicating system suitability demonstrated good column efficiency and peak
regularity under the test conditions used for this study. Table 5.13 tabulates the results of

the study.

5.10.8 Stability study

The stability of drugs in plasma at 3 levels that are, LQC, MQC and HQC in terms of
freeze-thaw, short-term and long-term stability is presented in Table 5.14 (A, B and C)
correspondingly. The results obtained indicated recovery of both the drugs inside the
approved limits i.e., 95-105% with %RSD less than 2. This study confirmed that the drugs

remained stable for the long period of time in the plasma matrix.

Table 5.13: The values depicting system suitability for drugs VA and Gly

Parameters VA (Plasma) Gly (Plasma)
HETP 22.9 pg/mL 75.2 pg/mL
Theoretical plate  6537.1 2992.7
Tailing factor 0.9 1.2
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Table 5.14A: Short-term stability study

Actual Areal Area2 Area3  Mean SD. %RSD Amtdrugrecovered  Recovery (%)
Concentration (cm?) (cm?) (cm?) (cm?) (pg/mL)
of drug (ug mL™)
VA in plasma
1 hour
0.24 (LQC) 51200 52453 52016 51889 635 1.2 0.24 100.9
0.30 (MQC) 6122.3  6096.3 6108.3  6109.0 129 0.2 0.31 103.3
0.36 (HQC) 6560.4  6534.8 64114 65022  76.9 1.2 0.32 95
2 hour
0.24 (LQC) 52222 52173 5191.3 52102 16.6 0.3 0.24 100.0
0.30 (MQC) 6034.7 61773 6097.8 61032 714 11 0.31 105.0
0.36 (HQC) 6605.6  6534.8 6675.3 66053  70.2 1.0 0.35 97.2
3 hour
0.24 (LQC) 5255.7  5348.2 52286 52775  62.7 11 0.25 104.0
0.30 (MQC) 61126  6195.2 60029 61035 9.4 15 0.31 103.3
0.36 (HQC) 6467.3  6477.2 6389.7 64448 479 0.7 0.34 95.3
Gly in plasma
1 hour
0.24 (LQC) 101064 103625 101821 10217.0 1315 1.2 0.25 105.0
0.30 (MQC) 120435 121738 120212 120795 824 0.6 0.30 100.0
0.36 (HQC) 14042.7 142645 141173 141415 1128 0.7 0.35 99.7
2 hour
0.24 (LQC) 10021.7 102223 104214 10221.8 199.8 1.9 0.25 105.7
0.30 (MQC) 121654 121089 12333 122024 116.5 0.9 0.30 100.0
0.36 (HQC) 14966.7 14865.3 14460.7 147642 267.7 1.8 0.37 102.7
3 hour
0.24 (LQC) 10016.6 10237.2 103425 10198.7 166.3 1.6 0.25 105.5
0.30 (MQC) 12167.6 122821 120450 121649 1185 0.9 0.30 100.0
0.36 (HQC) 141221 143658 140148 141675 179.8 1.2 0.35 99.9
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Table 5.15B: Freeze thaw stability study

Actual Concentration Areal Area2  Area3 Mean S.D. RSD (%) Amount of drug recovered in plasma Recovery (%)
of drug (ug/mL) (cm?) (cm?) (cm?) sample (ug/mL)
VA in plasma
Cycle 1
0.24 (LQC) 5221 5289.5 5217.5 5242.6 40.5 0.7 0.24 102.7
0.30 (MQC) 6155.7 6180.3 6009.6 6115.2 92.2 15 0.31 105.4
0.36 (HQC) 6400.1 6455.3 6428.9 6428.1 27.6 0.4 0.34 94.7
Cycle 2
0.24 (LQC) 5120.4 5188.4 5194.7 5167.8 41.1 0.7 0.24 100.2
0.30 (MQC) 6089.4 6016.7 6185.5 6097.2 84.6 1.3 0.31 104.9
0.36 (HQC) 6592.6 6518.7 6435.8 6515.7 78.4 1.2 0.34 96.7
Cycle 3
0.24 (LQC) 5347.6 5302.7 5329.7 5326.6 226 04 0.25 105.5
0.30 (MQC) 6168.7 6117.6 6038.5 6108.2 65.5 1.0 0.31 105.2
0.36 (HQC) 6508.7 6547.3 6578.3 6544.7 34.8 05 0.35 97.3
Gly in plasma
Cycle 1
0.24 (LQC) 100245 10167.3 10278.7 10156.8 127.4 1.2 0.25 105.0
0.30 (MQC) 12156.4 124464 127642 124556 304.0 24 0.31 104.6
0.36 (HQC) 14163.2 140743 14026.8 14088.1  69.2 04 0.35 99.3
Cycle 2
0.24 (LQC) 10188.6 101064 10267.6 101875  80.6 0.7 0.25 105.3
0.30 (MQC) 12243.7  12167.7 12067.3 121595 884 0.7 0.30 101.9
0.36 (HQC) 14034.6 143564  14067.6 141528 177.0 1.2 0.35 99.8
Cycle 3
0.24 (LQC) 10123.7 10067.4 10176.8 101226  54.7 05 0.25 104.6
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0.30 (MQC) 124747 12376.8 12076.5 12309.3 207.4 1.6 0.30 103.3
0.36 (HQC) 143645 140634 14176.8 142015 152.0 1.0 0.36 100.2

Table 5.16C: Long-term stability study

Actual Area 1 (cm?) Area2(cm?®  Area3(cm?) Mean S.D. RSD (%)  Amount of Recovery (%)
Concentration drug recovered in
of drug (ug/mL) plasma sample (ug/mL)
VA in plasma
Week 1
0.24 (LQC) 5234.7 5278.5 5205.6 5239.6 36.6 0.7 0.24 102.6
0.30 (MQC) 6124.8 6156.7 6015.6 6099.0 73.9 1.2 0.31 104.9
0.36 (HQC) 6467.8 6464.4 6533.5 6488.5 38.9 0.6 0.34 96.1
Week 2
0.24 (LQC) 5270.4 5223.6 5199.9 5231.3 35.8 0.6 0.24 102.3
0.30 (MQC) 6144.7 6108.9 6076.8 6110.1 33.9 0.5 0.31 105.2
0.36 (HQC) 6456.8 6487.9 6429.8 6458.1 29.0 0.4 0.34 95.4
Week 3
0.24 (LQC) 5290.4 5212.4 5210.2 5237.6 45.6 0.8 0.24 102.5
0.30 (MQC) 6003.7 6119.4 6128.6 6083.9 69.6 11 0.31 104.5
0.36 (HQC) 6401.5 6427.7 6482.3 6437.1 41.2 0.6 0.34 94.9
Gly in plasma
Week 1
0.24 (LQC) 10115.3 10210.4 10008.0 101112  101.2 1.0 0.25 104.5
0.30 (MQC) 12167.3 12077.3 12440.0 122282 188.8 15 0.30 102.5
0.36 (HQC) 14156.9 14335.7 14021.9 141715 1574 1.1 0.36 100.0
Week 2
0.24 (LQC) 10013.8 10205.8 10286.3 10168.6  140.0 1.3 0.25 105.1
0.30 (MQC) 12044.2 12376.9 12009.9 121436  202.7 1.6 0.30 101.8
0.36 (HQC) 14365.3 14100.9 143235 142632 1421 0.9 0.36 100.6
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Week 3

0.24 (LQC) 10122.8 10073.9 10366.3 10187.6  156.6 15 0.25 105.3
0.30 (MQC) 12431.5 12094.6 12162.8 122296  178.1 14 0.30 102.6
0.36 (HQC) 14354.8 14126.5 14358.4 142799  132.8 0.9 0.36 100.8
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5.11 In vivo studies

The results are shown in Table 5.17 and Fig 5.24. The results indicated that Tmax Of raw
Gly was found to be 3h whereas it was 2h in the case of its physical mixture with VA. This
indicated delayed absorption of raw Gly via the GIT into systemic circulation owing to its
poor aqueous solubility. However, in a physical mixture with VA, Gly showed faster
absorption which could be because of the polar hydroxyl groups of the VA contributing to
augmenting its solubility. This result was in agreement with the in vitro-drug release study
of Gly.

This has also led to the reduction of t1> of Gly in the physical mixture by 1.0-folds than
that of raw Gly. A significant difference was observed in their area under the curve (AUC)
and Cmax. The Cmax 0f Gly in the physical mixture was found to be increased by 1.6-folds
(P<0.01) than raw Gly. The loading of Gly in APMs did not affected any change in the
Tmax O0f Gly. However, the Cmax and AUCo of Gly in GV-APMs were found to be
increased by 1.5-fold (P<0.01) and 3.5-folds (P<0.01) than that of raw Gly. The MRT (.
of Gly in GV-APMs was increased by 5.2-folds (P<0.01) than raw Gly respectively.

In the case of VA, results indicated that maximum absorption of VA (Cmax =88100 ng/mL)
was observed within 1h (Tmax). Afterwards, rapid elimination of VA was observed in the
next 2h, indicating its rapid elimination followed by poor oral bioavailability. This can be
further understood by shorter t12 (4.2 h) and mean residence time of (2.9 h). The AUCo-
of raw VA was found to be 113900 h*ng/mL. It is pertinent to add here that a longer half-
life and residence time is required for a drug to have very good therapeutic efficacy and
prolonged effect [274]. In the physical mixture, absorption of VA was observed within 2h
(Tmax), which indicated delayed absorption of VA that could be due to hydrophobicity of
the Gly in the physical mixture. However, no significant change was observed in Cmax of
VA. The AUCo.. of VA in the physical mixture increased by 3.8-folds (P<0.001) than raw
VA. Further, the t12 of VA in the physical mixture was increased by 1.1-folds than raw
VA, which indicated its longer residence in plasma. However, was not statistically
significant. The loading of VA in APMs increased the ti2 and Tmax of VA by 2.3-folds
(P<0.01) and 5-folds (P<0.05) than the raw VA. However, no significant difference was
observed in Tmax0f VA co-loaded in GV-APMs and VA-APMs. Significant in increase in
the Tmax 0Ff VA in GV-APMs was observed i.e., 4-folds (P<0.05) than VA in the physical
mixture. The Cmax of VA in APMs was increased by 1.0-fold than raw VA but was found
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to be statistically insignificant. The AUCo- of VA in APMs was increased by 7.7-folds
(P<0.01) than raw VA. Whereas in GV-APMs, AUCo-. and MRT (..,0f VA were increased
by 2.8-folds (P<0.01) and 6.5-folds (P<0.01) than VA in the physical mixture and raw VA
respectively. The results of one-way ANOVA for the pharmacokinetic parameters among

different treatment groups is presented in Table 5.18 (A, B, C and D).
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Fig 5.24: Pharmacokinetic data of raw drugs, their physical mixture, individual APMs and GV-APMs

Table 5.17: Pharmacokinetic data of raw drugs and their formulation

Pharmacokinetic Gly VA Physical Physical Gly- VA- GV- GV-APMs
parameter mixture  mixture  APMs APMs APMs (VA

(Gly) (VA) (Gly)
Trax (h) 3.0 1.0 2.0 2.0 3.0 5.0 4.0 8.0
Cmax (ng/mL) 240.0 88100.0  400.0 93400.0  41800.0  94500.0  62600.0  99500.0
AUCpq(ng/mL*h)  560.0 112700  917.0 410000.0 204900.0 759750.0 486300.0 981250.0
AUC.«)(ng/mL*h)  568.2 113914.7 921.0 423000.0 221226.6 884931.4 774344.6 1225472.0
tuz (h) 3.6 42 3.3 4.7 6.2 9.8 15.5 16.1
MRT (o-=) () 45 2.9 4.6 6.9 8.8 12.7 234 17.0
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Table 5.18A: One-way ANOVA test for various pharmacokinetic parameters following treatments with raw
Gly and Gly-APMs

Source of variation SS DF MS F Ferit P

AUC
Between 40074834969 1 40074834969 2290.2 185 <0.001
Within 34996778 2 17498389
Total 40109831747 3

Crnax
Between 1650796900 1 1650796900 1874.0 185 <0.001
Within 1761709 2 880854.5
Total 1652558609 3
Tmax

Between 1650796900 1 1650796900 1874.0 185 <0.001
Within 1761709 2 880854.5
Total 1652558609 3

Cmad AUC
Between 0.0546 1 0.0546 7175 185 <0.001
Within 0.0001 2 7.61265E-05
Total 0.0547 3

MRT
Between 17.2225 1 17.2225 58.8 185 <0.01
Within 0.585 2 0.2925
Total 17.8075 3
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Table 5.18B: One-way ANOVA test for various pharmacokinetic parameters following treatments with raw
VA and VA APMs

Source of variation SS DF MS F Ferit P
AUC
Between 537009030481 1 537009030481 2035.3 18,5 <0.001
Within 527685857 2 263842928.5
Total 537536716338 3
Crax
Between 66365462.2 1 66365462.25 34824 185 N.S
Within 38114424.5 2 19057212.25
Total 104479886.75 3
Tmax
Between 19.36 1 19.36 744615 185 <0.01
Within 0.52 2 0.26
Total 19.88 3
Cmad AUC
Between 60.0382 1 60.03829 194819 185 N.S
Within 0.0061 2 0.0030
Total 60.0444 3
MRT
Between 96.04 1 96.04 192.08 185 <0.05
Within 1 2 0.5
Total 97.04 3
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Table 5.18C: One-way ANOVA test for various pharmacokinetic parameters following treatments with

physical mix Gly and Gly in GV-APMs

Source of variation SS DF MS F Ferit P
AUC
Between 2.02484E+11 1 2.02484E+11  161.4691 185 <0.01
Within 2508019730 2 1254009865
Total 2.04992E+11 3
Crnax
Between 3668300922.2 1 3668300922.2 1364.6 185 <0.001
Within 5375992.5 2 2687996.2
Total 3673676914.7 3
Tmax
Between 5.76 1 5.76 67.76471 185 <0.01
Within 0.17 2 0.085
Total 5.93 3
Cmad AUC
Between 0.089467 1 0.089467 1748.672 18.51 <0.001
Within 0.000102 2 5.12E-05
Total 0.089569 3
MRT
Between 329.4225 1 329.4225 331.9118388 18,51 <0.01
Within 1.985 2 0.9925
Total 331.4075 3

Table 5.18D: One-way ANOVA test for various pharmacokinetic parameters following treatments with

physical mix VA and VA in GV-APMs

Source of variation SS DF MS F Ferit P
AUC
Between 3.01E+11 1 3.01E+11 373.5206 185 <0.01
Within 1.61E+09 2 8.05E+08
Total 3.02E+11 3
Crax
Between 23217942 1 23217942 1.492074 185 NS
Within 31121713 2 15560856
Total 54339655 3
Tmax
Between 26.5225 1 26.5225 71.20134 185 <0.01
Within 0.745 2 0.3725
Total 27.2675 3
Cmax/AUC
Between 0.015552 1 0.015552  2855.928 18,5 <0.001
Within 1.09E-056 2 5.45E-06
Total 0.015563 3
MRT
Between 102.01 1 102.01 104.0918367 185 <0.01
Within 1.96 2 0.98
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Total 103.97 3
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5.11.1 IVIVC

Both Gly and VA exhibit poor oral bioavailability and their co-loading in GV-APMs i.e.,
in the form of nanocombination therapy exhibited Level A association between in vitro
dissolution and in vivo absorption. As per the Level A IVIVC, a high grade of association
was formed amid proportion of drug dissolved and drug absorbed at their consecutive
time-points. The Level A IVIVC profiles of drugs in the raw form, their physical mix and
the nanoform as presented in Fig 5.25 (A, B, C, and D) indicate a higher grade of non-
linear model fitting between the two parameters, viz., per cent drug dissolved and per cent
drug absorbed for the raw Gly (R=0.9752), raw VA (R=0.9974), physical mix Gly
(R=0.9604), physical mix VA (R=0.9471), Gly-APMs (R=0.9798), VA-APMs
(R=0.9142), GV-APMs (Gly) (R=0.9796), and GV-APMs (VA) (R=0.9115) respectively.

The quadratic model revealed superior data fitting that resulted in the development of
curved IVIVC for the developed formulation(s). Superior fitting for the quadratic model
in the case of developed GV-APMs can be attributed to improved and sustained drug
release along with higher dissolution and bioavailability upon oral administration of GV-

APMs respectively.
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Fig 5.25: Level A IVIVC between (A) Raw Gly and Gly-APMs, (B) Raw VA and VA-
APMs, (C) Physical mix (Gly) and GV-APMs (Gly), (D) Physical mix (VA) and GV-
APMs (VA)

Therefore, the drug absorption was found to exhibit a non-linear relationship with the
corresponding dissolution performance. The successful establishment of IVIVC
relationships, revealed augmentation in the in vitro drug dissolution profile, which is an
important variable in elucidating the corresponding enhancement in the
biopharmaceutical performance of the developed optimized formulation(s). Superior
fitting for the quadratic model in the case of optimized GV-APMs can be attributed to the
improved and sustained drug release together with greater and faster absorption on oral
administration of GV-APMs.

5.12 Pharmacodynamics study

512.10GTT

HFD administration in rats impairs hepatic glucose metabolism due to IR and reduced
insulin secretion by the pancreas. This ultimately results in abnormal glucose tolerance in
HFD fed-rats [357]. OGTT is basically used as a characteristic of metabolic phenotype
and to determine the alteration in glucose metabolism. OGTT basically assesses the
deposition of an orally administered glucose load over time by measuring the blood
glucose levels [364]. The results of fluctuations in BGLs at different time-points post oral
glucose administration pertaining to various groups is shown in Table 5.19. The results
indicated more than 35 mg/dL BGLs in HFD fed-rats of G2 to G12 at the end of 1.5h.
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This increase in BGLs at the end of 1.5h was at least +10 mg/dL in all the treatment
groups as compared to rats of G1. The main purpose of this study was to check the
duration taken by the rats to lowering down the glucose levels in order to maintain glucose
homeostasis. Usually, the longer duration required by the body to bring glucose levels
down represents the state of IR as a measure of low glucose tolerance. In case of G1,
BGLs started lowering down after the end of 1h, indicating higher degree of glucose
tolerance in control rats in response to oral glucose load. Further, in control rats, the
secreted insulin under normal physiological functioning i.e., rats on NPD, was able to
lower down the BGLs. This can be understood by the decrease in BGLs by 28 mg/dL in
case of G1 rats between 1h to 4h. Whereas, in case of rats of G2 to G12, the rise in BGLs
at the end of 1h was minimum of 24 mg/dL. Between 1h to 4h, negligible decrease in
BGLs of rats of G2, G3, G6, G7, G8, G9 and G10 was observed, whereas, rats of G4, G5,
G11 and G12 showed rise in BGLs. The overall results of treatments groups (G2-G12)
indicated that their body was resistant to insulin owing to administration of HFD. Hence,
was unable to maintain glucose homeostasis at normal level [357]. The patterns for
changes in BGLs as per different time intervals of different groups are shown in Fig 5.26
in which all the HFD fed rats showed significantly (p<0.001) lower glucose tolerance in

comparison to the control rats respectively.

[188]



Table 5.19: Blood glucose levels of different treatment groups after oral glucose load (Mean£SD, n=8)

Time Gl G2 G3 G4 G5 G6 G7 G8 G9 G10 Gl1 G12
(h) (mg/dL) (mg/dL) (mg/dL) (mg/dL) (mg/dL) (mg/dL) (mg/dL) (mg/dL) (mg/dL) (mg/dL) (mg/dL) (mg/dL)
0 116.3+10. 126.1+15. 124.3+9.4  120.9+14. 122.0+10. 120.0+£11. 127.8+11. 124.8+10. 123.7+14. 121.7+11.3  124.6%9.9 125.2+5.5
9 2 4 5 8 8 5 8
1 1435+2.1 1725#35 1635+2.1F 159.1+18 165.9+3.7 163.8%56 160.7+2.6  159.1+4.1 159.2+3.3  158.5+4.1V 152.6+56™  162.5+5.3"
Y B p Y B Y Y
15 139.5+2.1 1735+21 164.5+21 172.8+1.6 1785+1.6 180.546.3 163.8t1.2 164.2+2.4  169.7+3.2 161.2+3.2 157.5£1.5 171.3+24
4 1141441 164.6+3.3 162.9+35 162.1#49 169.5+4.2 164.9+35 160.9+35 170.0+#4.2 156.5+2.8 147.5#56° 155.3+2.9° 171.3+3.8°
C C C C C C C C
6 95.047.0  124.0+2.8 129.4+25 136.3+2.5Y 145.9+3.8 140.0+3.1 130.9+32 1527458 128.7+12 126.2+3.6° 135.0+2.4Y 130.5+3.8%
z z y z z

a, B, Y indicate p<0.001, p<0.01, p<0.05 with respect to control at 1h; and a, b, ¢, indicate p<0.001, p<0.01, p<0.05 with respect to control at 4h; X, y, z indicates p<0.001, p<0.01,
p<0.05 with respect to control at 6h. Data are presented as mean+SD (8 rats in each groups) respectively.

- G1 = G2 -+ G3 -+ G4 - G5 -o G6
- G7 -4 G8 -+ G9 - G10 -+ G11 -~ G12

(MeantSD) Blood glucose levels (mg/dL)

Time (h)

Fig 5.26: OGTT curve for different treatment groups; *** indicate statistically significant differences (p<0.001) with respect to control rats using two-

way ANOVA, Data are presented as mean+SD (8 rats in each groups)
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5.12.2 BGLs

In the present study a HFD and low dose of STZ were used to induce T2DM in rats. This
model is suitable to resemble the T2DM as it replicates the natural history and metabolic
characteristics of human T2DM. High lipid rich regimen consisting of huge caloric quantity
supports obesity triggered glucose intolerance and IR rather than frank hyperglycaemia,
which displays typical characteristics of T2DM. HFD administration primarily induces
hepatic IR due to alteration in hepatic glucose metabolism followed by frank
hyperglycaemia upon low dose of STZ administration in rats. Indeed, other induction
models are also available such as alloxan-induced; however, is not widely preferred in
terms toxicity aspect despite being less expensive than STZ [365]. In addition, there are
surgical models and genetically modified or engineered diabetic/obese rodents that can be
used for diabetes induction. However, the major drawbacks of such models such as
invasiveness, caution during grafting, high cost, risk of early mortality due to severe
diabetes makes them insignificant [366,367].

Except G1 the rats of all groups were fed with HFD for 15 days and their body weight,
blood sugar levels, and lipid profile was measured in order to determine the influence of
HFD administration on the aforementioned parameters. The results revealed that the rats
from G2-G12 exhibited slight rise in the BGLs. This rise in BGLs was found significant in
the range of 30 mg/dL to 52.2 mg/dL upon evaluation after 15" day (Table 5.20). This rise
in BGLs indicated the appearance of IR in the body due to high fat diet consumption. This
HFD regimen make our liver and other body parts fatty upon oral administration. Overall
it causes gut dysbiosis and augumentation in the count of gram negative bacteria. These
gram negative bacteria cause the release of lipopolysaccharides, which make the liver fatty
and make the cells resistant to insulin, thus leading to hyperglycaemia. However, at this
stage the rats cannot be considered as diabetic and the reversal in hepatic IR at this very
point is quite obvious. Therefore, to induce frank hyperglycaemia in obese rats, STZ as a
diabetogenic agent is injected that causes the complete appearance of signs and symptoms
of T2DM.

Hence, as a continuation of study protocol, the obese rats of G2 to G12 were
intraperitoneally administered with STZ 35 mg/kg on 16" day. To confirm the complete
hyperglycaemic state (BGLs>200 mg/dL) in obese rats, the BGLs was monitored on 20"
day [89]. All the obese rats of G2 to G12 on 20" day were found diabetic by showing
BGLs<300 mg/dL with rise in the range of +150 mg/dL to +253 mg/dL respectively. Such

results obtained, confirmed the complete diabetic state in the obese rats of each group.
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The pharmacological screening of various test formulations was started from 21 day till
the 48" day and the BGLs of all the rats were monitored on weekly basis (i.e., 27", 34",
41% and 48™ day). A unique pattern of decrease in BGLs was observed for rats of different
treatment groups based on their efficacy. The placebo treated group (G3) and experimental
control (G2) group did not show any decrease in BGLs till the 48™" day of the study protocol.
However, the rats of G4 to G12 showed significant (p<0.001) decrease in BGLs when the
results of 20" day and 48" day were compared. The decrease in BGLs between rats of G4
to G12 after first week of treatment i.e., 27" day is shown below:

G12(-2.70-folds) >G11(-2.00-folds) >G10 (1.9-folds)>G8(-1.80-folds)>G9(-1.50-

folds)>G6 (-1.30-folds)>G7(-1.20-folds)>G5(-1.15-folds)>G4(-1.11-folds)

These results (Table 4) showed that the rapid response was observed in rats of G12 receiving
co-loaded GV-APMs at higher dose followed by G11 and G10 respectively. There was non-
significant difference in the reduction of BGLs in case of the rats of G8, G10 receiving low
and high dose Gly-APMs and G11, receiving low dose of co-loaded GV-APMs. This showed
the potential of APMs in enhancing the efficacy of Gly as compared to raw Gly. A significant
difference in glucose lowering capacity (p<0.05) of Gly-APMs (G8 and G10) was observed
on 27" day itself as compared to the rats receiving its high dose G5. Similar observations
were noted for the rats receiving VA-APMs alone at both the doses (G7 and G9) as compared
to rats receiving raw VA at high dose (G4). This clearly indicated that developed APMs
significantly enhanced the glucose lowering potential of both the therapeutics.
Gly is a well-known anti-diabetic drug used since decades, however, its poor aqueous
solubility is still a challenge for the pharmaceutical industries. VA is an antioxidant that has
shown good antidiabetic potential, but its rapid elimination from the body causes its failure
to maintain glucose homeostasis. Both the biopharmaceutical issues of Gly and VA have
been overcome by formulating APMs as this nanoarchitecture offers enhanced solubility and
controlled drug release leading to sustained and enhanced oral bioavailability. Due to this
fact, when both the drugs are loaded in APMs when administered alone, showed good anti-
hyperglycaemic effect. This effect got further enhanced when both Gly and VA got co-
loaded in APMs, due to their action on multiple pathways in body that cause elevation in
BGLs. Interestingly, this effect was continued for the APMs formulation till the terminal day
i.e. 48" day, wherein the BGLs for rats of G11 and G12 almost reached to normal (Table
5.20 and Fig 5.27).
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Table 5.20: Effect of different treatment groups on BGLs upon weekly basis (Mean+SD, n=8)

Days G1 G2 G3 G4 G5 G6 G7 G8 G9 G10 Gl1 G12
ot 103.6+8.0 110.2+154  112.5+7.6  107.0+14.8 111.5+7.6 118.0+126  107.2+10.6 111.3+9.3 114.7+10.9 108.1+11.2  100.6+13.9 101.8+154
15" 102.3+12.1 147.7+57%  150.1#9.6F 149.5+11.2" 148.7+154" 152.0+9.1" 153.7+140% 152.1+13.9" 1455+850" 149.8+13.7 151.6+159Y 154+7.8 "

Y

Rise in Rise in Rise in Rise in Rise in Rise in Rise in Rise in Rise in Rise in Rise in
BGLs* by BGLs* by BGLs* by BGLs* by BGLs* by BGLs* by BGLs* by BGLs* by BGLs* by BGLs* by BGLs* by
+37.5 +37.6 +42.5 +37.2 +34.0 +46.5 mg/dL +40.8 +30.8 mg/dL +41.7 +51.0mg/dL  +52.2 mg/dL
mg/dL mg/dL mg/dL mg/dL mg/dL mg/dL mg/dL
200 101.5+10.2 400.7428.6* 389.0+36.5 336.5+70.0 334.2+30.6 331.0£85.5* 310+93.6% 387.3+106.3 362.8+15.0% 370.3+96.2® 344.6+92.3% 395.3+89.4 2
a a a a
Rise in Rise in Rise in Rise in Rise in Rise in Rise in Rise in Rise in Rise in Rise in
BGLs**by BGLs**by BGLs**by BGLs**by BGLs**by BGLs**by BGLs*by BGLs*by BGLs**by BGLs** by BGLs** by
+253 +238.9 +187.0 +185.5 +179.0 +156.3 +235.2 +217.3 +220.5 +193.0 +241.3
mg/dL mg/dL mg/dL mg/dL mg/dL mg/dL mg/dL mg/dL mg/dL mg/dL mg/dL
270 101.449.8 393.3%63.2* 380.5464.9 301.1+19.9* 290.2+29.3* 251.0+23.5 241.7+37.2* 210.5+25.7 232.1+30.1 186.7+£17.8 167.0£18.4 143.1£25.9
a X g X, @ Xe X, ® X,p Xp
Decline in Decline in Decline in Decline in Decline in Decline in Decline in Decline in Decline in Decline in Decline in
BGLs*by- BGLs*by- BGLs*by- BGLs*by- BGLs*by- BGLs*by- BGLs*by- BGLs*by- BGLs*by- BGLs*by-  BGLs"by-
74mg/dL  85mg/dL  354mg/dL  44.0mg/dL  80.0mg/dL  68.3 mg/dL 176.8 130.7 mg/dL 183.6 177.6 mg/dL  252.2 mg/dL
mg/dL mg/dL
48 97.8+13.2 375.2+44.6* 360.2+88.0° 258.0+15.3*  184.7+48.0%  157.0+9.8¢ 152.4+23.4*° 142.1+13.2*% 139.6+13.6*° 133.9+24.4% 116.2+14.8*" 109.4+24.3*"
Q Q
Decline in Decline in Decline in Decline in Decline in Decline in Decline in Decline in Decline in Decline in Decline in
BGLs*by- BGLs*by- BGLs*by- BGLs*by- BGLs*by- BGLs*by- BGLs*by- BGLs*by- BGLs*by- BGLs*by-  BGLs"by-
24.8mg/dL  28.8mg/dL  78.5 mg/dL 149.5 174.0 157.6 mg/dL 245.2 223.2 mg/dL 236.4 228.4mg/dL  285.9 mg/dL
mg/dL mg/dL mg/dL mg/dL

*Increase in BGLs in comparison to 0™ day; ** Increase in BGLs in comparison to 15" day; * Decrease in BGLs in comparison to 20" day; a, B, Y, indicate p<0.001, p<0.01, and p<0.05 in
comparison to 0™ day; a, b, ¢ indicates p<0.001, p<0.01, and p<0.05 in comparison to normal control (G1); x, y, z indicates p<0.001, p<0.01, and p<0.05 in comparison to experimental control (G2);
@, ¥, o indicates p<0.001, p<0.01 and p<0.05 in comparison to raw Gly (G5); e, f, g indicate p<0.001, p<0.01, and p<0.05 in comparison to raw VA (G4); p, g, r indicates p<0.001, p<0.01 and
p<0.05 in comparison to physical mixture.
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5.12.3 Body weight

The intake of HFD causes obesity in the body followed by number of metabolic
complications leading to cardiovascular diseases, hyperlipidaemia, gut dysbiosis, and
IR [357,368]. Similar observations were noted in case of rats receiving HFD treatment
(G2-G12) for 15 days. In all these rats, significant (p<0.05) rise in body weight (body
wt.) was observed (Table 5.21). More than 50 g enhancement in body wt. of all these
rats was observed. In contrast to this, a significant drop in body wt. of obese rats was
observed on 27" day of the treatment as compared to the body wt. noted on 15" day.
This effect was due to the administration of STZ on 16" day that caused frank
hyperglycaemia (BGLs>200 mg/dL). Incidentally no significant decrease (p>0.05) in
body wt. was observed on 20" day as that of 15" day because the rise in BGLs did not
show its impact on body metabolism by the 20" day. However, continuous high BGLs
over a period of ten days (i.e., day 18 to day 28) led to the alteration in body metabolism
causing drop in the body weight, which is a typical sign of T2DM [357]. It is important
to note that the treatment of test and control formulations started from 20" day
onwards. Hence, the change in body wt. noted on 27" day was also dependent on the
efficacy of the treatment. The drop in the body wt. on 27" day in comparison to 15" day

was found in the following order as given below.

G2(-1.72-folds)>G3(-1.48-folds)> G4(-1.34-folds)>G6=G5(-1.28-folds) =G7>G9(-
1.23-folds)>G10(-1.23-folds)>G8(-1.19-folds)>G11(-1.12-folds) =G12(-1.12-folds)

When the body wt. of rats was tested on 34", 41% and 48" day, a gradual increase in
their body wt. was observed as compared to their body weights noted on 27" day. The
improvement in body wt. of rats was based on efficacy of treatment (Table 5.21 and
Fig 5.28). The rise in body wt. of rats as compared to day 27" was in the following

order as given below.

G10(+1.16-folds)>G9(+1.14-folds)>G8(+1.12-folds)>G12=G7=G6(+1.11-
folds)>G11(+1.08-folds)>G5(+1.07-folds)>G4(+1.02-folds)
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It is very pertinent and interesting to note here that the rise in body wt. of G11 and G12
rats were less as that of their body wt. on 27" day as compared to other rats. This was
due to the fact that the formulation was found highly efficacious as that of other
treatments. This can be easily observed from the fact that the drop in their body wt.
between 15" day and 27" day was just 35.6g (G11) and 25.0g (G12) respectively.
Owing to these observations, it was noted that the rats treated with low as well as high
doses of co-loaded GV-APMs was able to manage the BGLs as well as body wt. post

administration of STZ and 28 days’ treatment of test formulations i.e., GV-APMs.
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Table 5.21: Effect of different treatment groups on body weight upon weekly basis (Mean+SD, n=8)

Days Gl G2 G3 G4 G5 G6 G7 G8 G9 G10 Gl1 G12
ot 250.0£0.0 256.6+0.5 250.0+0.0 250.0+0.0 253.3+0.3 250.0+0.0 249.7+0.6 253.0+£0.2 251.0+0.1 252.0+0.2 252.0+0.2 257.0+0.5
15t 250.0£0.0 321.8427.5% 303.1+22.5° 316.8+23.2° 310.0£28.1¢ 317.5+24.7 ¢ 298.1+25.3 ¢ 304.0£18.6 2 331.0+42.4 2 319.3+25.1°¢ 325.6+26.2 2 318.7+14.0°
*Increase in *Increase in body *Increase in body *Increase in body *Increase in body *Increase in body *Increase in body *Increase in body *Increase in body *Increase in body *Increase in body
body wt. by wt. by +53.1¢g wt. by +66.8g wt. by +57.0g wt. by+67.59 wt. by +48.4g wt.by+51.0g wt. by+80.0g wt.by+67.3g wt. by +73.69 wt. by +61.7g
+65.2
20t 253.745.1 313_7i2%_0 290.6+26.7 301.0+£23.7 297.8+18.4 302.5+42.7 261.8+28.2 286.0+25.3 316.2+19.2 305.3+19.7 303.1+20.8 294.3£19.5
**Decrease in  **Decreaseinbody  **Decreaseinbody  **Decreaseinbody  **Decreaseinbody  **Decreaseinbody  **Decreaseinbody  **Decreaseinbody  **Decreaseinbody  **Decreaseinbody  **Decrease in body
body wt. by- wt. by-12.5¢ wt. by -15.8g wt. by-12.29 wt. by-15.3g wt. by-36.29 wt. by -18.0g wt. by-14.8g wt. by-14.0g wt. by -22.59 wt. by -24.4g
8.1g
27t 256.845.3 186.2+53.9 196.7+18.8"* 235.0+13.07 241.5+10.6" 246.2+31.1% 232.5+17.5% 254.3+13.9* 267.5+13.0* 259.3+7.2% 290.0+18.5* 283.7+6.9 %
**Decreasein  **Decrease inbody  **Decreaseinbody  **Decreaseinbody  **Decreaseinbody  **Decreaseinbody  **Decreaseinbody  **Decreaseinbody  **Decreaseinbody  **Decrease in body ** Decrease in
body wt. by - wt. by -99.3g wt. by -63.89 wt. by -68.59 wt. by -71.3g wt. by -65.69 wt. by -49.79 wt. by -63.59 wt. by -60.0g wt. by -35.69 body wt. by -35.0g
135.69
48t 259.9+6.3 165.4+47.1 173.4£19.2"° 242.7+11.4* 258.5+7.5% 273.5+22.6 259.5+7.9% 286.1+4.0 305.9+12.7 301.4+6.1 % 315.9+13.5* 315.5+16.3°7
#Decrease in #Decrease in body #Decrease in body #Decrease in body #Decrease in body #Decrease in body #Decrease in body #Decrease in body #Decrease in body #Decrease in body #Decrease in body
body wt. by - wt. by -29.69 wt. by -7.7g wt. by -17.0g wt. by -27.3g wt. by -27.0g wt. by -31.89 wt. by -38.4g wt. by -42.1g wt. by -30.99 wt. by -31.8g
20.6g

*Increase in body wt. in comparison to 0" day; **Decrease in body wt. in comparison to 15" day; # Decrease in body wt. in comparison to 27" day; a, b, ¢ indicates p<0.001, p<0.01, and p<0.05 in comparison to normal control (G1); X, y, z indicates p<0.001, p<0.01, and p<0.05
in comparison to experimental control (G2)
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5.12.4 Lipid profile

In the present study HFD was administered orally for 15 days to rats of G2 to G12 with
objective to develop obesity, fatty liver, and hyperlipidaemia for the induction of IR
leading to T2DM. The lipid profile of all the rats were determined on 0" day and 15"
day to assess the increase in the lipid-based biochemical parameters. The test was also
performed on 48" day to check the effect of different treatments (except G2 and G3) on
decrease in elevated levels of CHL, TGs, LDL, VLDL, CHL/HDL, and LDL/HDL ratio,
and an increase in the declined levels of HDL respectively. The results are shown in
Table 5.22 and Fig 5.29. Further the results of LDL, VLDL, CHL/HDL, and LDL/HDL
ratio were determined using equation (19) to (22). On 15" day, all the lipid-based
biochemical parameters related were found elevated in all the groups except G1 and the
level of HDL was found declined, indicating the successful development of
hyperlipidaemia (Ref). On 48" day, the results of lipid-based biochemical parameters
were found to be ameliorated than that of the results obtained on 15" day, except for rats
of G2 and G3 respectively. However, the efficacy of each treatment was different based
on the nature of the drugs as well as in the formulation.

The results were found significantly (p<0.05) improved in the case of rats receiving
nanocombination of the both the drugs in APMs (G11 and G12) in a dose-dependent
manner. This indicated that the developed APMs enhanced the therapeutic efficacy of
both the drugs by overcoming the challenges associated with poor solubility and faster
elimination. Similar observation was observed for APMs containing VA and Gly during
the pharmacokinetic study, wherein both the drugs showed enhanced oral bioavailability
as that of their raw form as well as their alone administrations respectively. Interestingly,
on 48" day, the efficacy of raw VA and VA-APMs were found better in lowering the
levels of CHL, TGs, LDL, VLDL, CHL/HDL, and LDL/HDL ratio and elevating the
levels of HDL as compared to rats receiving treatment of raw Gly alone and in the form
of APMs respectively. This could be attributed to the anti-obesity and anti-
hyperlipidaemic activity of VA that works by stimulating AMPKa- and thermogenesis
in obese rats, increases hepatic phosphorylated acetyl Co-A carboxylase protein
expression, and by reducing the levels of circulating leptin hormone secreted by adipose
tissues [14,357]. Previous studies on VA also indicated its anti-hyperlipidaemic
potential by reducing serum leptin hormone having direct co-relation with lipid
utilization by the body [357].
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Whereas, the rats receiving Gly showed comparatively lesser effect in lowering lipid-
based biochemical parameters as that of VA. This could be due to the fact that Gly is an
anti-hyperglycaemic drug and have no direct action on attenuation of lipid/CHL levels.
The slight attenuation observed in the rats receiving Gly could be due to better
maintenance of BGLs that would have led to restriction in dyslipidaemia. The
combination therapy of VA and Gly either in their raw form or in the form of APMs
showed significantly better attenuation of elevated lipid levels due to lipid lowering
properties of VA and reduction of BGLs by both the drugs (i.e. Gly and VA)
respectively.
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Table 5.22: Effect of different treatment groups on lipid parameters on different days (Mean+SD, n=8)

Days

Gl

G2

G3

G4

G5 G6 G7 G8 G9 G10 Gl1 G12
CHL level
ot 63.90+0.68  64.70+0.18 64.50+0.24 64.40+0.53 66.00+0.38 65.10+0.24 64.40+0.37 64.30+0.28 64.40+0.38 64.80+0.38 64.30+0.50 64.80+0.49
15" 62504245 155.60+2.03  146.00+6.08  155.40+3.84  157.10+3.17  146.20+0.93  157.10+1.19  144.20+1.84  147.10+1.03  144.10+1.32  148.00+0.65 144.10+1.67 %2
a, a a, a a, a a, a a, a a, a a, a a, a a, a a, a
NA *Increased by  *Increasedby *Increasedby *Increasedby *Increasedby *Increasedby *Increasedby *Increased by *Increasedby *Increased by *Increased by
+2.40-folds +2.20-folds +2.40-folds +2.30-folds +2.20-folds +2.40-folds +2.20-folds +2.20-folds +2.20-folds +2.30-folds +2.20-folds
48h  64.80+0.39 178.60+0.79  166.00+0.14 112.30+0.62* 131.30£3.48* 101.90+4.11* 101.60#5.73  124.30+1.16  88.70+2.03*  108.50+4.71  84.30+0.86 70.50+2.38> 4
X, g X, 0 f X, ¥ r
NA **Increased **Increased  ##Decreased  ##Decreased  ##Decreased  ##Decreased  ##Decreased  ##Decreased  ##Decreased  ##Decreased  ##Decreased by -
by +1.14- by +1.13- by -1.38- by -1.19- by -1.43- by -1.54- by -1.16- by -1.65- by -1.32- by -1.75- 2.04-folds
folds folds folds folds folds folds folds folds folds folds
TGs level
o 53.10+2.01  57.80+0.90 62.70+1.20 63.70+0.53 63.10+0.35 62.50+1.30 62.70+0.40 62.80+0.90 62.70+0.35 62.70+0.38 58.40+0.29 57.70+0.59
15" 62.50+1.29 133.10+4.40  132.30#6.08  136.40+3.84  147.70+1.15  134.50+2.21  133.70+1.82  134.00+2.01  135.20+1.44  141.50+0.75  144.20+3.89 139.50+1.21 %2
Y, a a,a a,a a,a a,a a,a a,a a,a a,a a, a
NA *Increased by  *Increased by *Increasedby *Increasedby *Increasedby *Increasedby *Increasedby *Increased by *Increasedby *Increased by *Increased by
+2.30-folds +2.10-folds +2.14-folds +2.34-folds +2.15-folds +2.13-folds +2.13-folds +2.15-folds +2.25-folds +2.46-folds +2.41-folds
48" 58.90+0.56  166.70+0.56  155.70+3.96  106.50+0.39* 128.70+3.46* 95.20+10.04* 98.87+1.55*  112.10+2.44  87.10+0.72*  103.10+7.37  78.40%4.66* 61.30+5.32 P
g X, @ f X, @ r
NA **Increased **Increased  ##Decreased  ##Decreased  ##Decreased  ##Decreased  ##Decreased  ##Decreased  ##Decreased  ##Decreased  ##Decreased by -
by +1.2-folds by +1.1-folds by-1.2-folds by-1.1-folds  by-1.4-folds by -1.3-folds by -1.19- by -1.55- by -1.37- by -1.83- 2.27folds
folds folds folds folds
HDL level
ot 53.80+0.83  53.70+0.47 53.30+0.80 51.40+0.70 55.00£0.90 58.00+0.18 61.40+0.64 62.90+0.37 51.40+0.90 56.30+0.90 59.70+0.18 58.70+0.67
150 54.00+351 19.20#5.92  15.80+4.68  15.50+2.02%* 13504509 ** 12.60+0.73** 13.80+1.98** 14.80+3.71% 14.30+1.11* 1500+0.74** 13.70+0.63 ** 13.30+1.45 **
b Ba
NA #Decreased #Decreased #Decreased #Decreased #Decreased #Decreased #Decreased #Decreased #Decreased #Decreased #Decreased by -
by -2.70- by -3.30- by -3.32- by -4.03- by -4.50- by -4.41- by -4.23- by -3.54- by -3.71- by -4.30- 4.32-folds
folds folds folds folds folds folds folds folds folds folds
48" 55.30+0.41  10.70+4.98 11.2045.15 26.90+2.68Y  20.70+3.36* 34.80+1.83Y 38.20+2.66*9 29.00+1.60Y  43.80£3.81*° 32.50+4.07Y  48.60+1.84 *4 55.40+6.28 * 4
¥ ¥
NA ##Decreased  ##Decreased  **Increased **Increased **Increased **Increased **Increased **Increased **Increased **Increased **Increased by
by -1.79- by -1.41- by +1.73- by +1.53- by +2.76- by +2.47- by +1.95- by +2.71- by +2.16- by +3.25- +4.09-folds
folds folds folds folds folds folds folds folds folds folds
LDL level
ot 9.40+0.87 9.4040.77 8.60+0.31 10.30+1.04 10.40+0.71 9.60+0.53 10.90+0.61 10.20+0.48 10.40+0.71 10.40+0.71 9.50+0.48 9.4040.32
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150 10.20+5.78 57.80+5.29* 59.60+5.73*% 64.10+1.48* 61.50+5.71% 64.70+0.77 % 61.40+240*% 59.90+543*% 62.60+1.15*% 60.70+1.06 > 61.50+0.94 * 62.00+£1.07 %2
a a a a a a a a a a
*Increased by  *Increasedby *Increasedby *Increasedby *Increasedby *Increasedby *Increasedby *Increased by *Increased by
+6.19-folds +5.89-folds +6.69-folds +5.59-folds +5.87-folds +5.99-folds +5.80-folds +6.44-folds +6.55-folds
NA NA NA
48" 10.10+0.69  55.50+5.62 58.30+5.14 38.50+4.17*  53.2046.047  32.90+2.40* 34.70+3.65*9 4820+4.35% 26.50+2.91 %"  41.10+2.29%  20.50+2.30 X" 13.70+4.07 *4
[ ¥
##Decreased  ##Decreased  ##Decreased  ##Decreased — ##Decreased  ##Decreased  ##Decreased  ##Decreased  ##Decreased by -
by -1.66- by -1.15- by -1.96- by -1.67- by -1.20- by -2.35- by -1.47- by -2.99- 4.49-folds
NA NA NA folds folds folds folds folds folds folds folds
VLDL level
o 9.10+0.40 9.50+0.18 8.50+0.24 8.60+0.11 9.20+0.07 10.50+0.26 9.70+0.08 8.50+0.18 7.30£0.07 8.20£0.07 10.10+0.06 9.40+0.12
15" 12.50+0.26 18.60+0.88 “* 18.40+1.22F¢ 1950+0.77P¢ 19.30+0.23P* 18.90+0.24 > 18.80+0.36 ** 18.70+0.40 ** 19.20+0.29 ** 19.00+0.15P" 18.80+0.78 P* 18.70+0.24 **
*Increased by  *Increased by *Increasedby *Increasedby *Increasedby *Increasedby *Increasedby *Increased by *Increased by
+2.26-folds +2.09-folds +1.79-folds +1.94-folds +2.18-folds +2.53-folds +2.27-folds +1.85-folds +1.97-folds
NA NA NA
48" 1150+£0.11  19.30+0.79 18.70+0.08 15.00+£2.00Y  17.3040.69%  12.00+0.31* 11.00£0.49¥% 13.40+0.14%  10.40+1.47¥  11.60+0.93Y  9.200+1.06 ¥" 7.20+0.78 ¥4
4 g ¥
##Decreased  ##Decreased  ##Decreased  ##Decreased  ##Decreased  ##Decreased  ##Decreased  ##Decreased  ##Decreased by -
by -1.32- by -1.11- by -1.56- by -1.70- by -1.39- by -1.84- by -1.63- by -2.04- 2.59-folds
NA NA NA folds folds folds folds folds folds folds folds
CHL/HDL ratio
ot 1.10+1.46 1.20+0.02 1.26+0.01 1.22+0.03 1.10£0.03 1.13+£0.01 1.02+0.02 1.06+0.02 1.20+0.03 1.10+0.03 1.02+0.01 1.10+0.01
150 1.22+40.42  8.10+2.03%  990+1.65*  9.90+0.98** 11.60+1.50% 11.50+0.42% 11.30+1.11%** 9.60+1.72F* 10.20+0.56 ** 9.50+0.29P*  10.70+0.30 ** 11.20+0.69 P*
*Increased by  *Increased by *Increasedby *Increasedby *Increasedby *Increasedby *Increasedby *Increased by *Increased by
+7.97-folds +9.70-folds +10.31-folds  +10.84-folds +9.48-folds +8.18-folds +8.34-folds +9.99-folds +9.77-folds
NA NA NA
48" 1.31+0.02 15.32+0.61 14.70£0.17 4.10+0.06 6.30+0.19 3.90+0.04 2.90+0.08*¢  4.20£0.07*¢  2.13x0.09*F  3.30+0.07*¥  1.80+0.05*" 1.18+0.14 "
##Decreased  ##Decreased  ##Decreased  ##Decreased — ##Decreased  ##Decreased  ##Decreased  ##Decreased  ##Decreased by -
by -2.05- by -1.84- by -2.94- by -3.89- by -2.28- by -4.63- by -2.87- by -5.94- 8.91-folds
NA NA NA folds folds folds folds folds folds folds folds
LDL/HDL ratio
ot 0.1740.02 0.1740.02 0.16+0.01 0.20+0.03 0.1840.02 0.16+0.01 0.17+0.02 0.16+0.01 0.2040.02 0.1840.02 0.1540.01 0.16+0.01
15 0.18+0.35  3.01+1.59%*  375+1.37% 4114078  456+1.21%  513+0.34F>  4.44+0.09%*  4.03+1.40**  4.35+0.43P>  4.0420.23Y>  4.47+0.23P2 4.63+0.53 **
NA *Increased by  *Increasedby *Increased by *Increasedby *Increasedby *Increasedby *Increasedby *Increasedby *Increasedby *Increased by *Increased by
+17.10-folds  +23.12-folds  +20.47-folds  +24.02-folds  +30.78-folds  +24.87-folds  +24.88-folds  +21.46-folds  +21.77-folds  +28.00-folds +28.82-folds
48t 0.18+0.02 5.1740.51 5.1740.14 1.42+0.09* 2.57+0.167 0.94+0.04Y  1.07#0.07*" 1.71x0.15%¢ 0.68+0.09%" 1.26+0.06%¥  0.46+0.05 Y1 0.25+0.12 %P

[199]



**Increased **Increased  ##Decreased  ##Decreased  ##Decreased  ##Decreased  ##Decreased  ##Decreased  ##Decreased  ##Decreased  ##Decreased by -
NA by +1.71- by +1.37- by -2.88- by -1.77- by -5.44- by -4.15- by -2.34- by -6.37- by -3.19- by -9.73- 18.31-folds
folds folds folds folds folds folds folds folds folds folds

*Increase in the levels of CHL, TGs, LDL, VLDL, CHL/HDL and LDL/HDL ratio on 15" day in comparison to 0" day; **Increase in the levels of CHL, TGs, HDL, LDL/HDL ratio on 48" day in comparison

to 15" day; #Decrease in the level of HDL on 15" day in comparison to 0" day; ##Decrease in the levels of CHL, TGs, HDL, LDL, VLDL, CHL/HDL, and LDL/HDL ratio on 48" day in comparison to 15"
day respectively

a, B, Y, indicate p<0.001, p<0.01, and p<0.05 in comparison to 0" day; a, b, ¢ indicates p<0.001, p<0.01, and p<0.05 in comparison to normal control (G1); X, y, z indicates p<0.001, p<0.01, and p<0.05 in

comparison to experimental control (G2); @, ¥, o indicates p<0.001, p<0.01 and p<0.05 in comparison to raw Gly (G5); e, f, g indicates p<0.001, p<0.01, and p<0.05 in comparison to raw VA (G4); p, q, r
indicates p<0.001, p<0.01 and p<0.05 in comparison to physical mixture (G6).
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5.12.5 Hepatic and renal markers
Continuous administration of HFD causes hyperlipidaemia leading to fatty liver followed
by alteration in liver metabolic enzymes. Certain studies reported the co-relation of
hepatic IR with elevated SGPT, SGOT and ALP levels owing to HFD in
obese/overweight population without frank hyperglycaemia [369]. Therefore, obesity is
a main contributing factor of hepatic IR that amplifies the detrimental effects of IR on the
liver functions [369].
In addition to this, hyperglycaemia being a major characteristic of T2DM is reported to
cause serious complications in the diabetic patients if not controlled. Most prevalent one
is the alterations in renal markers such as creatinine and urea due to the reduced
functioning of kidneys filtering system in diabetics. With agreement to this, similar
observations were observed in our study, after the complete induction of T2DM followed
by HFD administration and low dose of STZ in the rats of each groups. However, in the
treatment groups reduction in the hepatic and renal markers was found based upon the
therapeutic efficacy of different treatments.
Similar to the results of lipid profile, on terminal day (48" day) of the study, the levels of
SGPT, SGOT, ALP, creatinine and urea were found high in case of G2 and G3 rats and
normal in case of rats of G4 to G12, as compared to rats of G2. However, a significant
decrease (p<0.05) in enzymes level was observed in case of rats receiving treatment of
APMs of single drugs (VA-APMs and Gly-APMs) and their nanocombination (GV-
APMs) i.e., from G7 to G12. The values of SGPT, SGOT and ALP for all the twelve
groups and their fold decrease with respect to G2 are given in Table 5.23. In these cases,
also the potential of VA in lowering the enzyme levels was found high as compared to
Gly owing to the antioxidant, anti-obesity and anti-hyperglycaemic potential of VA as it
can via multiple targets. However, Gly has shown its indirect action by maintaining
glucose homeostasis in rats. The nanocombination therapy was found highly effective
owing to the multiple health benefits of VA and Gly. Therefore, the decrease in the hepatic
and renal markers by the different treatments was found in a following order as given
below.

G1>G12>G11>G9>G6>G7>G10>G4>G8>G5 >G2=G3
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Table 5.23: Effect of different treatments on hepatic/renal markers on 48" day (Mean+SD, n=8)

Hepatic/renal ) G2 G3 G4 G5 G6 G7 G8 G9 G10 Gi1 G12
markers
SGPT 46.2+1.04 97.4+1.18 92.2+0.93™ 66.5+0.11* 78.3+0.57 58.1+1.67 62.4+3.21* "  69.8+2.88%¢ 56.7+3.06%9 63.1+2.13*® 47.2+1.46%°  40.5+0.48%°
NA NA NA ##Decreased  ##Decreased — ##Decreased — ##Decreased — ##Decreased — ##Decreased — ##Decreased  ##Decreased — ##Decreased
by -1.46-folds by -1.24-folds by -1.67-folds by -1.56-folds by -1.39-folds by-1.71-folds by -1.54-folds by -2.06-folds by -2.40-folds
SGOT 28.3+2.55 69.8+0.27 71.6+1.20™
NA NA NA 47.0+1.37* 61.0+0.23* 40.0+1.22* 40.3+2.02*%9 51.1+0.87*¢ 37.1+3.44%°% 46.2+1.85*® 36.6£1.93%" 30.1+4.22* '
##Decreased  ##Decreased  ##Decreased  ##Decreased — ##Decreased  ##Decreased  ##Decreased  ##Decreased  ##Decreased
ALP 42.8+1.71 97.9+1.36  94.6+0.78™ by-1.48-folds by-1.14-folds by-1.74-folds by-1.73-folds by-1.36-folds by-1.88-folds by-1.51-folds by-1.90-folds by -2.31-folds
NA NA NA 61.6+2.76 72.8+3.17* 55.7+0.06 * 58.2+1.51%9  66.5+0.06%¢ 50.1+2.66*" 60.0+1.33%°  456+2.11*"  39.8+3.66*"
Creatinine 0.36+0.34 0.78+1.87 0.73+0.51™ ##Decreased  ##Decreased — ##Decreased — ##Decreased — ##Decreased  ##Decreased — ##Decreased — ##Decreased  ##Decreased
NA NA NA by -1.58-folds by -1.34-folds by -1.75-folds by -1.68-folds by -1.47-folds by -1.95-folds by -1.63-folds by -2.14-folds by -2.45-folds
0.58+0.23* 0.67+1.88Y 0.49+0.82 0.52+0.03Y 0.59+0.51%¢ 0.45+2.20* 0.56+2.07*¢  0.41+1.12*>" 0.31+£0.02% ¢
##Decreased  ##Decreased  ##Decreased  ##Decreased — ##Decreased  ##Decreased  ##Decreased  ##Decreased  ##Decreased
by -1.34-folds by-1.21-folds by-1.59-folds by -1.50-folds by -1.30-folds by-1.73-folds by-1.39-folds by -1.90-folds by -2.51-folds
Urea 20624202 6240067 O>80%032  y7epu171% 5330:102¢  dosero71x  HPOHELSLY g 7ginggay 365242167 ALIGEIES 55000 g 261740197
ns g ]
NA NA NA ##Decreased  ##Decreased  ##Decreased  ##Decreased — ##Decreased  ##Decreased — ##Decreased  ##fDecreased  ##Decreased
by-1.31-folds by-1.17-folds by-1.52-folds by-1.46-folds by-1.33-folds by -1.70-folds by-1.50-folds by-1.93-folds by -2.38-folds

##Decrease in hepatic and renal markers with respect on G2; X, y, z indicates p<0.001, p<0.01, p<0.05 in comparison to G2; @, ¥, o indicates p<0.001, p<0.01 and p<0.05 in comparison to raw Gly (G5); e, f, g indicates
p<0.001, p<0.01, and p<0.05 in comparison to raw VA (G4); p, q, r indicates p<0.001, p<0.01 and p<0.05 in comparison to G6.
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5.12.6 Serum inflammatory markers

Inflammatory condition in diabetic rats is found to be in a positive co-relation with HFD
consumption that is considered to be a contributing factor in the development of IR in rats
[357]. In addition, the low dose of STZ used in this model is also a chief factor that causes
oxidative stress-induced activation of inflammatory signalling in diabetic rats [370]. With
agreement to this, the serum inflammatory markers viz. TNF-a and IL-6 were found to be
elevated in the rats of experimental control group and placebo group i.e., G2 and G3.
However, the administration of different treatment groups based on their efficacy and dose

reduced the level of inflammatory markers in a following order as given below.
G1>G12>G11>G10>G9>G8>G7>G6>G5>G4>G2=G3

Similar to the results of hepatic and renal markers on terminal day of the study, the levels of
serum inflammatory markers were found normal in case of G1. Whereas in treatment groups
i.e.,, from G4 to G12, a significant difference (p<0.05) was observed in the levels of
inflammatory markers in comparison to G2 respectively. However, a significant decrease in
the cytokines levels (TNF-a and IL-6) was observed in case of rats receiving single drug
loaded APMs (VA-APMs and Gly-APMs) and their nanocombination therapy (GV-APMs)
i.e., from G7 to G12, respectively. The results obtained for each treatment groups in reducing
the serum TNF-a and IL-6 levels along with their fold reduction in comparison to G2 is
presented in Table 5.24. The results obtained indicated higher potential of VA in lowering
serum cytokines levels than that of Gly that could be due to its natural antioxidant and anti-
inflammatory activity i.e., by modulating nrf2/NF-kB pathway [14]. In case of Gly, the
reduction in serum cytokine levels with respect to G2 has been achieved due to its anti-
hyperglycaemic activity. Therefore, the effect of nanocombination therapy at high dose i.e.,
G12 (GV-APMs) was found highly effective among all the different treatment groups owing
to multiple health benefits of VA used in combination with Gly. In addition, the combination
of both the drugs in nanoform provided higher absorption, higher mean residence time in the
systemic circulations, and controlled-release property leading to higher oral bioavailability
of both the drugs [371]. Overall, the administration of nanocombination therapy provided
higher therapeutic efficacy than their individual APMs and raw drugs respectively. Hence

indicated improved additive pharmacological interaction than their physical mix used.
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Table 5.24: Effect of different treatments on serum inflammatory markers on 48" day (Mean+SD, n=8)

Groups  Mean +SD Fold-decreased™ Mean +SD Fold-decreased™
(TNF-q) (TNF-q) (IL-6) (IL-6)
Gl 6.8+0.3 NA 8.7+0.8 NA
G2 33.5+£1.2 NA 44.6+2.6 NA
G3 32.4+0.4™ NA 46.3+0.3™ NA
G4 17.4+15% 19 26.5+0.2 % 1.6
G5 25.3+0.1* 13 32.6+0.5* 1.3
G6 14.4+1.1% 2.2 21.4+0.8* 2.1
G7 15.3+0.1%f 11 20.2+1.4* 9 1.3
G8 19.8+3.2% ¢ 12 26.3+2.0*¢ 1.2
G9 14.6+0.4* 0.9 15.8+1.0% ¢ 1.3
G10 16.1+1.8*® 0.9 19.6+£2.0* ¢ 1.0
Gl1 11.4+1.6%" 17 12.0£2.1* " 21
G12 7.242.9%P 2.0 9.1£3.1*" 1.7

#Decrease in TNF-o and IL-6 level with respect to G2; x, vy, z indicates p<0.001, p<0.01, p<0.05
in comparison to G2; @, ¥, o indicates p<0.001, p<0.01 and p<0.05 in comparison to raw Gly
(Gb); e, f, g indicates p<0.001, p<0.01, and p<0.05 in comparison to raw VA (G4); p, g, r indicates
p<0.001, p<0.01 and p<0.05 in comparison to physical mixture (G6).

5.12.7 Pancreatic oxidative stress

STZ being a cytotoxic agent causes degeneration of pancreatic -cells leading to decreased
insulin production i.e., frank hyperglycaemia followed by abnormal glucose homeostasis.
Pancreatic p-cells are highly vulnerable towards oxidative stress due to their lower antioxidant
capacity and higher metabolic activity [372]. Due to their vulnerability, STZ injection
promotes generation of reactive oxygen species in pancreatic cells along with mitochondrial
dysfunction that contributes in its cytotoxic effect. Hence, results in impairment of redox
metabolism [373]. With this context, in the present study, reduction in the antioxidant enzymes
i.e., CAT, GSH and elevated TBARS level was observed in experimental control group and
placebo i.e., G2 and G3. Whereas, it was found normal in case of normal control group i.e.,
G1.

At the terminal day of the present study, significant difference (p<0.05) in CAT, GSH and
TBARS levels was observed in all the treatment groups i.e., from G4 to G12. The results
obtained in each treatment groups are presented in Table 5.25. The results clearly indicated
higher antioxidant potential of the nanocombination therapy with respect to single drugs
loaded in APMs, their raw form and their physical mixture, respectively. This increment in
their antioxidant efficacy was attributed to the use of VA in combination with Gly in nanoform
that overcome the challenge of rapid elimination of VA from plasma. As a result, provided

enough time to the drug for interacting with the biological targets leading to enhanced

[204]



therapeutic efficacy than their raw forms respectively. The improvement in the CAT, GSH

and TBARS level by the different treatment groups based on their efficacy and dose is shown

in a following order as given below.
G1>G12>G11>G9>G10>G7>G6>G8>G4>G5>G2=G3
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Table 5.25: Effect of different treatment groups on pancreatic oxidative markers on 48" day (Mean+SD, n=8)

Groups MeanzSD Fold-increased** MeanzSD Fold-increased** MeanzSD Fold-decreased##
(CAT) (CAT) (GSH) (GSH) (TBARS) (TBARS)
Gl 97.040.1 NA 80.0£1.0 NA 1.9+0.1 NA
G2 23.0£1.2 NA 16.0+2.4 NA 7.7+1.1 NA
G3 26.0+2.0 NA 20.0£1.5 NA 7.4+0.4 NA
G4 51.042.77 2.2 47.0+1.1° 2.9 4.0£0.2* 1.9
G5 45.0+1.8° 1.9 35.0+1.67 2.1 5.6+£1.5% 1.3
G6 60.0+1.6” 2.6 54.0£2.3* 3.3 3.240.8* 2.4
G7 63.0+2.3% ¢ 2.7 58.0+2.0% 3.6 3.0£1.2%9 25
G8 55.0+2.1> ¢ 2.3 43.0+1.1%* 2.6 4.7+1.0%¢ 1.6
G9 71.0£1.4% " 3.0 65.0£2.9% 9 4.0 2.7£0.4%9 2.8
G10 64.0+2.9% ® 2.7 55.0+1.4%¢ 34 3.1+2.3%¢ 24
Gl1 89.0£1.5%" 3.8 68.0+1.0*1 42 1.742.2%4 4.3
G12 95.0+1.2¢" 4.1 76.0+0.1%" 47 1.141.9%" 7.0

**|ncrease in CAT/GSH level with respect to G2; ##Decrease in level of TBARS with respect to G2; x, vy, z indicates p<0.001, p<0.01, p<0.05 in
comparison to G2; @, ¥, g indicates p<0.001, p<0.01 and p<0.05 in comparison to raw Gly (G5); e, f, g indicates p<0.001, p<0.01, and p<0.05 in
comparison to raw VA (G4); p, q, r indicates p<0.001, p<0.01 and p<0.05 in comparison to physical mixture (G6).
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5.13 Histopathology study

The results of histopathological study are presented in Table 5.26.

Table 5.26: Summary of histopathological changes in different treatment groups.

Groups Pancreas Liver

NC Normal proliferating No abnormalities observed in the liver in
pancreatic islet that are terms of histoarchitecure
closely packed with patent Hepatocytes were arranged in
acini anatomizing cords radiating from the

center to periphery

EC Destructed and shrunken Extensive cytoplasmic vacuolation in
pancreatic islets along with liver cells with cellular infiltrations
vacuolar changes around the central veins

Placebo Destructed pancreatic isletsin ~ Severe vacuolar changes with cellular
terms of size and number infiltrations between hepatocytes
along with vacuolar
enlargement

Raw Gly Partly recovered destructed Mild congestion in the central veins with
pancreatic islets with reduced  restoration of hepatocytes
fat deposits

Raw VA Slightly recovered destructed  Preservation of hepatocytes with minimal
pancreatic islet cells with lipid droplets or cytoplasmic vacuoles
higher reduction in fat
deposits

Gly-VA Good recovery in destructed Good congestion in the central veins with

Gly-APMs (LD)

Gly-APMs (HD)

VA-APMs (LD)

VA-APMs (HD)

GV-APMs (LD)

GV-APMs (HD)

pancreatic islet cells with
minimal fat deposits

Good recovery in destructed
pancreatic islet cells with
lower fat deposits

Excellent recovery in
destructed pancreatic islet
cells with very less fat
deposits

Good recovery in destructed
pancreatic islet cells with
lower fat deposits

Excellent recovery in
destructed pancreatic islet
cells with good reduction in
the number of fat vacuoles
High density in the number of
recovered destructed
pancreatic islet cells with
minimal fat deposits
Excellent amelioration in the
recovery of destructed
pancreatic islet cells with no
sign of fat deposits, vascular
congestion and apoptosis
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reduction in small lipid droplets

Higher reduction in the multiple
cytoplasmic vacuoles formed in
hepatocytes

Excellent shrinkage observed in the lipid
droplets with few cellular infiltrations

Higher shrinkage in the central vacuole
and multiple small cytoplasmic
vacuolation in hepatocytes

Minimal fatty liver changes with higher
congestion in central veins

Excellent restoration of the hepatocyte
cytoplasm with fewer lipid droplets

Excellent shrinkage in the size of lipid
droplets with complete restoration of
hepatic cells



Gly-VA

VA-APMs (LD) VA-APMs (HD) GV-APMs (LD) GV-APMs (HD)

Fig 5.27: Histopathological images of pancreas for all treatment groups

Gly-VA Gly-APMs (LD) Gly-APMs (HD)

VA-APMs (LD) VA-APMs (HD) GV-APMs (LD) GV-APMs (HD)

Fig 5.28: Histopathological images of liver for all treatment groups
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Chapter 6
Conclusion and
future perspective



6.0 Conclusion and future perspective

The current study was designed with objective to overcome the common challenges
associated with the anti-diabetic drug regimens including regimen complexity,
secondary complications and dosing frequency. With such objectives, we used the
combination of a natural product (VA) with a synthetic anti-diabetic drug (Gly) for the
effective treatment of T2DM. The study was commenced with a hypothesis to provide
synergistic and prolonged glycaemic control using VA in combination with Gly with
potential to halt the side-effects and secondary CV complications associated with it. VA
was selected based on its multiple therapeutic benefits such as anti-obesity, anti-
hyperglycaemic, anti-inflammatory, anti-oxidant, anti-hyperlipidaemic etc., which has
not been explored in combination with other anti-diabetic drugs till now. In addition,
VA-APMs are also being reported for the first time for the treatment of T2DM either
alone or, in combination with Gly.

To achieve the aforementioned objective, a nano-combination therapy containing VA
and Gly was developed using APMs (GV-APMs) via LAP method by surfactant-
copolymer (CTAB-mPEG-b-PCL) system. An attempt has been made to explore the
use of MPEG-b-PCL copolymer based APMs with CTAB as a steric stabilizer for the
entrapment of VA and Gly to enhance their oral bioavailability as well as efficacy to
treat T2DM. The APMs were designed by applying BBD using drug to copolymer, drug
to surfactant and solvent to antisolvent ratio as independent variables and particle size,
EE, zeta potential and PDI as responses. This optimized composition was utilized to
enhance the dissolution rate of the poorly water-soluble Gly and VA. The incorporation
of CTAB along with the copolymer demonstrated to be effective nanocarriers as it
provided good dispersion to the particles in the micellar system with smaller particle
size and very good zeta potential. In addition to this, the APMs provided higher
hydrophobicity to the micellar core, which resulted in higher drug entrapment and
loading efficiency. The change in the concentration of the synthesized copolymer
highly influenced the particle size of the APMs. Therefore, this indicated that
formulation related parameters could be controlled by optimizing the process variables.
This will help in the better understanding of the correlation between process variables

and the physicochemical traits of the APMs.
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The dissolution of lipophilic drug Gly was remarkably enhanced in a pH-dependent
manner when loaded into the PCL core of the GV-APMs in comparison to raw Gly, a
physical mixture with VA and Gly-APMs. This could be because of the influence of
polar hydroxyl groups of the VA along with PEG corona in GV-APMs and greater
hydrophobic interactions. Whereas the release of VA from GV-APMs was found to be
more sustained than that of the raw VA, physical mixture and VA-APMSs respectively.
However, this effect was based on the hydrophobic interactions with CTAB/PCL,
which provided a controlled release profile.

The co-loading of both the drugs in optimized APMs exhibited additive glucose-
lowering activity (p<0.05) than that of their raw forms, physical mixture and single drug
loaded APMs respectively. In addition to this, exhibited lower cytotoxicity on Caco-
2/HepG2 cells within the test concentration. Such increment in their glucose lowering
effect was attributed to significant enhancement in their oral bioavailability upon
loading into APMs i.e., 868% for Gly and 87% for VA with higher mean residence time
in systemic circulations than their raw forms respectively. The developed APMs have
shown significant improvement in oral bioavailability of VA and Gly either alone or in
combination owing to sustained release profile, higher Cmax, MRT and AUC as
compared to their unprocessed forms. The enhancement in bioavailability of VA and
Gly loaded in GV-APMs was 10.70- and 1362.80-folds as compared to raw form, and
2.89- and 840.7-folds than their physical mix respectively. In fact, a good correlation
between in vitro release profile and pharmacokinetic profile was observed.

Further, due to the enhanced oral bioavailability, GV-APMs showed significant
decrease in the levels of blood glucose, LDL, VLDL, TG, TC, SGOT, SGPT, ALP,
urea, creatinine, IL-6 and TNF-o in HFD- low dose STZ induced rat model. Even the
DM induced rats receiving combination therapy of GV-APMs at low as well high doses
(G-11 and G12) have shown good recovery in the tissue architecture of liver and
pancreas as compared to any other treatment groups receiving monotherapy of VA and
Gly in their unprocessed form or, in the form of APMs, indicating the superiority of
GV-APMs.

The developed herbal-synthetic drug combination therapy in nano form has been found
successful in treating diabetes owing to multiple mechanistic pathways of VA and
glucose lowering potential of Gly. These positive outcomes during preclinical studies
provided a proof of concept to explore this formulation a pilot scale and conduct clinical

studies for better assessment of therapeutic efficacy of GV-APMs. This study provides
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future insights to check the effect of this combination therapy at molecular level as well
as its efficacy in managing other diabetic complications owing to the multifaceted role
of VA. Further, the developed combination can be used for its antidiabetic potential for

the effective management of prolonged hyperglycemic condition at pre-clinical and
clinical level in near future.
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Polymeric micelles (PMs) have been explored pre-clinically for the delivery of chemotherapeutics to
treat cancer. Their unique features, such as easy surface functionalization, stimuli-responsiveness, good
stability, ability to modify drug release, enhanced permeation and retention effect, and potential to
encapsulate more than one type of therapeutic molecules at a time, make them unique carriers for the
targeted delivery or for enhancing the bioavailability of chemotherapeutics. PMs can also be used as
theranostic nanocarriers for the mapping of drug therapy along with tumor imaging in patients with
cancer. This review focuses on the limitations of existing treatment strategies and on innovative
approaches employed for the functionalization of PMs for targeting cancer cells. In addition, the
bottlenecks associated with the translation of PMs from the laboratory to clinics are also discussed.

Keywords: Cancer; Polymeric micelles; Site-specificity; Theranostic; Clinical applications
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ARTICLE INFO ABSTRACT
Keywords: Background: Vanillic acid is a phenoli pound, found in various dietary sources and medicinal plants. Apart
Vanillic acid from its extraction from these biological it is also synthesized chemically. It is used as flavouring agent in
Antioxidant various food products. It possesses anticancer, antiobesity, antidiabetic, antibacterial, anti-infl y, and
Nutraceutical
VA destviath antioxidant effects. Despite p sing good therapeutic p ial and safety profile, it has not been well explored
Thera, e v:mx as nutraceutical or, therapeutic moiety.
Scope and approach: Literature search was conducted to tically review the various mechanistic pathways

through which vanillic acid showed multiple lhempeulic effects. Along with these pathways, other applications
of vanillic acid and its derivatives are highlighted. Some of the patents that have been filed hitherto, for the

production and uses of vanillic acid are also entailed in the manuscript.
Key findings and conclusion: Vanillic acid exerts diverse bioactivity against cancer, diab

obesity, d

generative, cardiovascular, and hepatic diseases by inhibition of the associated molecular pathways. Its de-
rivatives also possess the therapeutic potential to treat autoimmune diseases as well as fungal and bacterial
infections. Owing to these benefits, vanillic acid has great potential to be used as a nutraceutical and provides
scope for therapeutic uses beyond its traditional use as a flavouring agent. However, its oral bicavailability is
limited due to its rapid elimination ( bolism) from the pl. Thls in turn, lmpeds its successful delivery

through conventional formulations. Hence, efforts are required to d P

overcome the associated challenges.

of vanillic acid to
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ABSTRACT ARTICLE HISTORY
Introduction: Diabetes mellitus (DM) is the most commeon metabolic disease and multifactorial, harming Received 27 January 2022

patients worldwide. Extensive research has been carried out in the search for novel drug delivery systems Accepted 6 June 2022
offering reliable control of glucose levels for diabetics, aiming at efficient management of DM.
Areas covered: Polymeric micelles (PMs) as smart drug delivery nanocarriers are discussed, focusing on Amohiphilic block
oral drug delivery applications for the management of hyperglycemia. The most recent approaches mpzlyfnem micelles:
used for the preparation of smart PMs employ molecular features of amphiphilic block copolymers  giaperes mellitus; drug
(ABCs), such as stimulus sensitivity, ligand conjugation, and as a more specific example the ability to delivery; insulin
inhibit islet amyloidosis.

Expert opinion: PMs provide a unique platform for self-requlated or spatiotemporal drug delivery,

mimicking the working mode of pancreatic islets to maintain glucose homeostasis for prolonged

periods. This unigue characteristic is achieved by tailoring the functional chemistry of ABCs considering

the physicochemical traits of PMs, including sensing capabilities, hydrophobicity, etc. In addition, the

application of ABCs for the inhibition of conformational changes in islet amyloid polypeptide garnered

attention as one of the root causes of DM. However, research in this field is limited and further studies

at the clinical level are required.
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ARTICLE INFO ABSTRACT

Keywords: In recent years, unique physicochemical properties of amphiphilic block copoly have been utilized to design
Amphiphilic polymers the polymeric micelles for brain-specific delivery of drugs, proteins, peptides and genes. Their unique properties
Brain targeting such as ize, charge-switching ability, stimuli-responsive cargo release, flexible structure, and self-assembly
mmﬁs enable them to overcome limitations of conventional dosage forms that include rapid drug release, drug efflux,
e and poor brain bioavailability, and poor stability. These limitations hinder their therapeutic efficacy in treating
brain diseases. Their ease of functionalization and enh d tion and tion effect make them suitable
rriers for the di is of various brain di ln this the p manuscript provides an

insight into the progress xmde in the functionalization of micelles such as the incorporation of stimuli i
ieties in copolymers, conjugation of cargo molecules with the core-fi blockvia ponsive smart linkers,

and conjugation of active ligands and imaging moieties with the corona fomung block for brain targeting and
imaging. Further, the review also expounds on the role of polymeric micelles in delivering neurotherapeutic to
the brain. Some | related to polymeric micelles fi lated for brain delivery are also enlisted.
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ARTICLEINFO ABSTRACT

Keywords: The co-formulation of glyburide (Gly) and vanillic acid (VA) as such in the form of nanomedicine has never been
Micelles explored to treat metabaolic diseases including type 2 diabetes mellitus. Bath the drugs possess dissalution rate-
oPEG-b-PCL limited oral bioavailability leading to poor therapeutic efficacy. Hence, co-loading these drugs into a nanocarrier
g;:::d could overcome their poor oral bioavailability related challenges. Owing to this objective, both drugs were co-
Binavailability loaded in amphiphilic polymeric micelles (APMs) and evaluated for their biopharmaceutical outcomes. The

APMs were prepared using mPEG-H-PCLACTAE as a copolymer-surfactant system via the liquid antisolvent
precipitation (LAF) method. The design of these APMs were optimized using Box Behnken Design by taking
various process, formulation based variables to achieve the desired micellar traits. The release of both the drugs
from the optimized co-loaded APMs was compared in different media and displayed & remarkable sustained
release profile owing to their hydrophobic interactions with the PCL core. The in vitro cytotoxdcity study of co-
loaded APMs on Caco-2 cells revealed 70 % cell viability in a concentration-dependent manner. The preventive
effects of Gly and VA co-loaded in APMs on glucose uptake was studied in insulin-responsive human HepG2 cells
treated with high glucose. The co-loading of both the drugs in optimized APMs exhibited synergistic glucose-
lowering activity (p < 0.001) than raw drugs with low cytotoxicity on HepG2 cells within the test concentra-
tion. This could be attributed to an increase in the relative oral bioavailability of both the drogs in APMs ie., 868
% for Gly and B7 % for VA respectively.

Insulin resistance
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ARTICLE INFO ABSTRACT

Keywords: Colon cancer is characterised by the persistent change in bowel habits due to the formation of polyps (cancerous)

Colun cancer _ in the inner lining of the colon. Clinically, there are several anticancer drugs available to treat colon cancer.

Colon targeted delivery Oaliplatin (third generation platinum drug) is widely prescribed anticancer drug due to its broad range anti-

;,;'ph:' palymeric cancer properties and low toxicities over cisplatin and carboplatin. Currently, use of oxaliplatin as adjuvant
1] .

chemotherapy represents a standard care for the treatment of advanced colon cancer. Despite this, its rapid
degradation in systemic circulations upon administration, lack of tumor specificity, and low bioavailability limits
its anticancer potential. On the other hand, vanillic acid (WA) has shown anticancer potential in colon cancer by
targeting mTOR,/Ras pathway, HIF-1a inhibition, NF-xB, and Nrf2 that regulate cell growth, cell survival, pro-
liferation and adapiation to cancer microenvironment. Mormal oral delivery of these two drugs offers non-
specific drug release in gastrointestinal tract that leads to wnwanted toxicity and wvery less amount of drg
become available for colondic site. Therefore, loading of these two drugs in polysaccharide based functionalized
polymeric micelles (FPMs) can offer selective targeting at colonic site and could offer better therapentic efficacy
at much lesser doses of drugs. Therefore, & new hypothesis has been proposed that the combination of vanillic
acid with oxaliplatin co-loaded in FPMs could provide colon targeting ability with enhanced potency and safety
profile by targeting multiple pathways than current adjuvant chemotherapies available in the market for the
treaiment of colon cancer.

Wamillic acid
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ARTICLEINFO ABSTRACT

Keywords: Amphiphilic block copolymers are widely utilized in the design of formulations owing to their unique physi-

Amphiphilic polymeric micelles cochemical properties, flexible structures and functional chemistry. Amphiphilic polymeric micelles (APMs)

Block copolymer formed from such copolymers have gained attention of the drug delivery scientists in past few decades for

Drug d:l:\{::ry enhancing the bioavailability of lipophilic drugs, molecular targeting, sustained release, stimuli-responsive

Theranostics . . . . . . L .

Cancer properties, enhanced therapeutic efficacy and reducing drug associated toxicity. Their properties including
ease of surface modification, high surface area, small size, and enhanced permeation as well as retention (EPR)
effect are mainly responsible for their utilization in the diagnosis and therapy of various diseases. However, some
of the challenges associated with their use are premature drug release, low drug loading capacity, scale-up issues
and their poor stability that need to be addressed for their wider clinical utility and commercialization. This
review describes comprehensively their physicochemical properties, various methods of preparation, limitations
followed by approaches employed for the development of optimized APMs, the impact of each preparation
technique on the physicochemical properties of the resulting APMs as well as various biomedical applications of
APMs. Based on the current scenario of their use in treatment and diagnosis of diseases, the directions in which
future studies need to be carried out to explore their full potential are also discussed.
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