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ABSTRACT

Background: Diabetes mellitus (DM) is a lifelong epidemic caimh that has become one
of the most significant global health emergenaiethe 21" century, especially in developing
countries. The increased levels of blood glucodeyperglycemia for an extended period can
lead to the development of serious life-threatemiogditions such as neuro (nerve damage),
nephron (kidney damage), retino (eye disease),vasdular complications. Beyond these
classical complications, epidemiologic evidencegests that the DM is correlated with a
higher incidence of cancer of various organs, iticlg liver. The probability of incidence
and progression of malignant hepatocellular carnm@HCC) is high in the patients of DM
as suggested by numerous case-control, cohortretnospective data-based studies. The
complex association between DM and HCC is maniftlanay be attributed to metabolic
alteration (hyperglycemia), hormonal disorders (ylivs adipokines, insulin-like growth
factor (IGF)-1], obesity, immunological process t@ines in inflammation) and even the
treatment for diabetes (insulin analogs, secretag®gas sulfonylureas and incretins).
Majority of reports clarify the association betweligh insulin level and HCC, and few
epidemiological studies supports hyperglycemia asaase for the progression of HCC.
Moreover, the mechanistic link with the progresstdrHCC during diabetic condition may
also be due to disturbances in the cell signaliaghways by stimulating the cancer
proliferation factors. The DM pose as one of rigktérs for development and progression of
hepatic cancer either independently or synergistickor uncontrolled proliferation,

mutations, invasion, migration, and survival of tamor cells.

The results based on numerous epidemiological apérenental studies suggest that the
biguanide class of anti-diabetic drug, metforminlH&s been associated with reduced cancer
risk through inhibition of the growth of the tumgells. On the other hand, two main
bioactive aromatic phytoconstituents isolated fribra rhizomes ofAcorus calamus, alpha,
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and beta-asarone as well as its extract has bgented for its cytotoxic effects as well as
hypoglycemic effects. However, the asarone effsctydotoxic agents in diabetic condition

remains unexplored.

Objectives: This study aims to develop an animal model toicafe the clinical evidence for
diabetic-HCC conditions and to evaluate the beradfeffects of asarone and metformin HCI

in controlling the progression of HCC. The objees\of the present study are:

1. To investigate the role of hyperglycemia in aidihg progression of hepatocellular
carcinoma.

2. To evaluate the role of asarone and metformin HClontwlling the progression of
hepatocellular carcinoma during hyperglycemia, amttlerstand the underlying

molecular mechanism.

M ethodology: Experimental diabetes was induced in 6 to 8 h ¢asdes by a single injection
of freshly prepared streptozotocin (STZ) (55 mgiZkagqb.w.i.p. prepared in 0.05 M citrate
buffer, pH 4.5). The hepatocarcinogenesis in rats imduced by the administration of single
injection of carcinogenic chemical agent diethylmsemine (DEN) (200 mg/ml/kg b.w.p.
prepared in 0.9% w/v NaCl). Further, two weeksrlaaéter confirmation of diabetes, another
group received DEN to simulate the diabetic-HCCdithon. The treatment group received a
combination dose of-and p-asarone (5Qug/1.5 ml/kg b.w.,p.0.) prepared in 0.5% w/v
sodium carboxymethyl cellulose were given in thgoraf 1:1 and metformin HCI (250
mg/1.5 mil/kg b.w.) for five days per week after tweeks of STZ+DEN injections. The
blood/serum and liver samples were collected atetite of the experimental period (12 and
18-weeks) and subjected for the measurement ofwsrbiochemical parameters and

histopathological observation of the liver.
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The human HepG2 HCC cell line was used for ith@itro study. A colorimetric based
methyl thiazolyl tetrazolium (MTT) assay was usedtedict the cytotoxicity of metformin
HCI, a-asarone, anfl-asarone on the HepG2 cell line. Further, the ftgtometry technique
was used to measure the expression of the intweetharkers (AMPIg1, Akt, PCK-2, and

SREBP-1) and cell cycle analysis in hyperglycerte fiM) condition.

Results: The STZ induced diabetic animals with severe hylgeegnia did not show the
development of HCC until the end of 12-weeks. Cosely, hepatocarcinogenesis was
observed in the DEN alone and STZ+DEN-induced alsinvéhereas, the pre-administration
of the diabetogenic agent (STZ) before initiatidrD&N leads to the occurrence of HCC at
least by a few weeks early as supported by allH@odcal and histo-morphological changes.
Further, the asarone and metformin-treated grotiferereduced or reversed the severity of
hepatocarcinogenesis during the diabetic conditimticating their chemo-preventive effect.
This was supported by all the biochemical paramsefglucose, insulin, glycosylated
hemoglobin, liver dysfunction markers, lipid prefitnd HCC bio-markersjH-NMR based
metabolomics (glycolysis, valine degradation arghiie, lipid and glutamate metabolism),
oxidant-antioxidant imbalance, and histo-morphatagi evidence (inflammation score,
hepatocyte ballooning score, Sirius-red positiveaanodule incidence, nodule multiplicity,

relative nodular size,).

The results of than-vitro study suggest that asarone and metformin treatmeshices

(concentration-dependent manner) the proliferaéiod modifies the morphology of HepG2
cells. A time-dependent increase in the cell pesdifion or viability was observed when the
HepG2 cell was incubated with a high concentratbmlucose (25 mM) compared to the
cells cultured in normal glucose (5 mM) as measurgdVTT assay, indicating that the
glucose-rich condition enhances the proliferatidnHepG2 cells. Further, asarone and
metformin treatment reduce the cell proliferatibrough arresting the cell cycle at thg@&

XX



phase during hyperglycemic condition. This was raedi by the activation of 5"adenosine
monophosphate-activated protein kinase (AMPK) amfbition of protein kinase B/Akt
signaling pathways. This study also proved that ithf@bition of phosphoenolpyruvate
carboxykinase-2 (PCK-2) and sterol regulatory elaiending protein-1 (SREBP-1)

indicate a link between the glucose metabolic pathand HepG2 cell proliferation.

Conclusion: The present study concluded that the streptozao{&TZ)-induced diabetogenic
agent developed hepatic fibrosis as assessed [§irihe red staining in study design Il, but
failed to progress to hepatocarcinogenesis (HAIGh& end of the study period. At the same
time, the pre-administration of the diabetogenieradSTZ) before initiation of DEN leads to
the occurrence of HCC at least by a few weeks ea@His suggests that hyperglycemia due to
STZ alone has no impact on HCC development, bufpcacipitate the development of HCC
when combined with DEN. Furthermore, oral admiaistn of asarone and metformin HCI
exhibited chemo-preventive activity in diabetic ddions as confirmed througi-vivo and

in-vitro study.

Keywor ds: Diabetes mellitusiepatocellular carcinoma, Streptozotocin, Diethyisamine,

Asarone, Metformin HCI, HepG2 cells.
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1. INTRODUCTION
1.1.BACKGROUND

Diabetes mellitus (DM) is a lifelong epidemic caiwh that has become one of the
most significant global health emergencies in thE' 2entury, especially in
developing countries. The International Diabetesieffation (IDF) predicts an
estimated rise of 700 million people (20-79 yeargh diabetes worldwide by 2045
than 463 million in 2019, with the highest ratetlre Western Pacific, Middle-East,
South-East Asia and North Africa. The United Stat€fAmerica, China and India
were the top three countries with the most sigaificnumber of adults with diabetes
in 2019 among the age group 20 to 79 years, arsdishexpected to continue till

2045?

The DM, a chronic metabolic disorder with increasdood glucose levels,
causes abnormal carbohydrate, protein and fat roktab because of beta-cells’
insufficient insulin utilization or secretidiwith an effort to reduce mortality due to
the severe consequences from its complicationsldweaders, as part of the 2030
agenda, have set diabetes among the four prionfieson-communicable diseases
(NCDs)2 The increased levels of blood glucose or hyperghjaefor an extended
period can lead to the development of severe lifedtening conditions such as neuro
(nerve damage), nephron (kidney damage), retine (disease), and vascular
complications’ Despite the various treatment approach and awasdoesliabetes, it
is estimated that half of the populations with hgihcose are unaware of the disease
and subsequently are more prone to diabetic asedeimmplications.As noted,
beyond these classical complications, epidemiolgeidence suggests that diabetes

is linked to an increased risk of cancer in variotgans, including the stomach, liver,
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colorectal, reproductive organs, breast, pancraag, urinary tract.The chance of

malignant hepatocellular carcinoma (HCC) developneerd progression is high in
diabetic patients among these cancers, as evidemeceanerous cohorts, case-control
and retrospective data-based studies. Furtherndiabetes is also likely to be an
independent risk factor for the HCC progressiomngl with others such as viral
hepatitis, heavy alcohol consumption, exposureflaiain-contaminated food, non-

alcoholic steatohepatitis (NASH) and cirrho$fs.

The liver is a vital organ and plays a crucial nolglucose metabolism. High
glucose-associated diabetes has been linked wipextrum of liver diseases
involving alteration of the liver enzymes leading dcute liver failure, fatty liver,
chronic hepatitis, and cirrhosis. During diabetis, liver undergoes various changes
with the biochemical and histopathological profiks observed in experimentally
inducedin-vivo models. The liver injury with the induction of eeqimental diabetes
can be initially correlated with the changes obsdnn lipid risk ratios and increased
liver function enzymes, such as alkaline phospleata@\LP), aspartate
aminotransferase (AST), and alanine aminotranggalsT). The deposition of fat or
glycogen in the hepatic cells results in hypertgophhich is considered a significant
histopathological shift. Besides these, there agassof increased mitochondrial
volume fractions, damaged nuclear membrane, a deraile decrease in the
endoplasmic reticulum, and reduced concentratiohspyknotic nuclei at the
subcellular levet®*? Furthermore, these modifications combined with pthe
pathological factors affect the collagen balancehef liver, contributing to fibrosis

and cirrhosis developmeht™®

Several epidemiological studies indicate a sigaificassociation between DM

and HCC® The complex association between DM and HCC is folhilt may be

2
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attributed to metabolic alteration (hyperglycemid&prmonal disorders [insulin,
adipokines, somatomedin C], immunological procesglafnmatory cytokines),
obesity, and even on treatment for diabetes (insainalogs, secretagogues as
sulfonylureas and incretins). Many reports estabdisconnection between increased
insulin and liver cancer, and a small number ofeolstional studies favor high
glucose as a factor for HCC progressi&h’ Moreover, the mechanistic link with the
progression of HCC during diabetic conditions mkspde due to disturbances in the
cell signaling pathways by stimulating the cancalirharks. These hallmarks of DM
pose risk factors for the development and progoessif hepatic cancer either
independently or synergistically for uncontrolletblgeration, mutation, invasion,

migration, and survival of the tumor ceffs.

The current approaches used in the treatment dfetda include drugs that
can either overcome insulin resistance (metforrtigzolidinediones) or improve
insulin availability (insulin, sulfonylureas). ThEimary goal of managing diabetes is
to reduce diabetes-associated complications thrampropriate glucose contrdl.
Remarkably, various reports of-vitro andin-vivo studies have suggested that drugs
used to treat diabetes are associated with cargler Several reports suggest that
insulin, incretin-based therapies, and insulin eegogues are associated with
increased cancer prevalence and cancer-relatedalihoriVhereas, evidence from
numerous epidemiological and experimental-basedieguindicates that metformin
HCI, a biguanide class of anti-diabetic medicatignassociated with a lower risk of
cancer by inhibiting the growth of the tumor cell$ie reported mechanism of action
from various studies includes reduced insulin-tkewth factor, inhibition of energy

metabolism, partial cell cycle arrest, inhibitioh @ngiogenesis, apoptosis, antd 5
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adenosine monophosphate-activated protein kinaselPg@ activation thereby

inhibiting mammalian target of rapamycin (mTOR)rgiting®22%°

Studies have endeavored that anti-proliferativenagerived from traditional
medicine offer efficacy with mild side effects asttong chemotherapeutic effects.
Therefore, these anti-proliferative derived commsurfrom plants are used in
alternative and evidence-based medical systemsgalath conventional chemo
and/or radiation therapy.Acorus calamus (L.) (Sweet flag) has generated significant
interest and is widely used in Indian and Chinesli& fmedicine to treat various
diseases, either alone or with other herbs. Thetayic and anti-hyperglycemic
effects of the two biologically active aromatic phgonstituents extracted from the
rhizomes of A. calamus, alpha or beta-asarone, or its extract, have been
documented®? Nevertheless, the impact of asarone as cytotoxémiagin diabetic

condition have yet to be investigated.

Given the above, this research aimed to look intgh hglucose or
hyperglycemia in aiding the progression of hepatmoagenesis (HCC). In addition,
it also focused on how the combined effects of alfpf)-and beta [{)-asarone and
metformin HCI in regulating the disease progressianthe chemically induceih-

vivo model and human hepatocellular carcinoma HepQ&.cel
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1.2.LITERATURE REVIEW

1.2.1. Diabetes mellitus (DM)

Diabetes mellitus (DM) is frequently consideredbdiges, a clinically heterogeneous
group of syndromes of disordered metabolism withisually high blood glucose
levels (hyperglycemia) sharing glucose intoleramesecommon. It is a chronic
condition due to a defect in insulin utilizationd&or secretion by the pancreas' beta
(B)-cells. Thep-ells of the pancreas secreting insulin play aemss role in glucose
homeostasis and increases the metabolic proceglailysis, lipogenesis, protein
synthesis, and glycogenesis and decrease glucomesige Thep—cells fail to
compensate for the stress of insulin resistanceednpheral tissue, leading to a
gradually rising blood glucose level and developimgerglycemia. The prolonged
effect of chronic hyperglycemia over time resuftshie onset of DM%3*

The two most important types of DM are insulin-degent type 1 diabetes
mellitus (ID-T1DM) with defective insulin productioand noninsulin-dependent type
2 diabetes mellitus (NID-T2DM) with poor utilizatioof insulin (insulin resistance).
Besides these, the other types of DM include gesiat diabetes (detected any time
during pregnancy), genetically modified monogeniabdtes observed among the
youngs and neonates, secondary diabetes (resaftanmplication of other diseases
as due to disturbances of hormone includes acrdsnegaCushing’s disease or
pancreatic disorders) and chemical/drug-inducetbedés (Glucocorticoids, Niacin,
Pentamidine, etc.) as summarized in the taldi& 1.

The T1DM is an auto-immune response in which théylsoimmune system
targets thé-cells of the pancreas, resulting in decreasedimpuoduction. It usually

occurs in young adults or children who need instilgrapy every day to control their
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blood glucose levels. Henceforth, based on etigld¢pM is widely used to describe
insulin-dependent diabetes mellitus (IDDR}

The T2DM is the most predominant form of diabetasond 90%) and is
caused by a defect in insulin utilization and/ocrséon, leading to high blood
glucose levels. It usually occurs in adults, altjlouncreasing cases in adolescents
and children are also observed. Theells of the pancreas producing insulin become
resistant and cannot be utilized, and after thia¢ insulin levels may become
insufficient over time. Henceforth, based on efigio T2DM is widely used to
describe noninsulin-dependent diabetes mellitu® ). 32

The symptoms of both types of diabetes are simdlihough their severity
varies. These include hyperglycemia, polydipsidréare thirst), polyphagia (extreme

eating), polyuria (excessive amounts of urine),ghtiloss (unintentional), fatigue,

abnormalities in vision and changes in energy nudisi !
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Table 1: Classification of Diabetes: The classificatiorb&sed on the associated factors, diagnostic eriterd the treatment/management of

diabeteg: 3233

immunological destruction a
pancreatic f—cells with little or no

endogenous insulin production.

Non-insulin-dependent
type 2 diabete
mellitus.

Adult/Maturity-
sonset diabetes
Ketosis-resistant

diabetes.

Evidence on past family cases
,diabetes indicates genetic factors g
other factors like lack of physics
activity, obesity, and poor nutritior
leading to defect in insulin utilizatio

and/or secretion.

Diabetes mellitus Old terminology Associated factors Diagnostic critga Treatment/Management*
(DM)

Insulin-dependent typeJuvenile-onset | Genetic, environmental, acquired Daily insulin therapy

1 diabetes mellitus. diabetes, Ketosig-factors, auto-immune reactions (type monitoring  of  blood

prone diabetes. | 1a), or idiopathic (type 1b; no glucose levels regularly

evidence of autoimmunity) leading tyVhen  the  fasting ony maintaining a health

fglucose level is mor
than 126 mg/dl.

or

Clifestyle and diet.

Ghore than 200 mg/c
fsllowing 2 hr after a 75

2l oral glucose load.
X

n

|Oral hypoglycemic agent
s regular physical activity
and maintenance of
healthy diet.

a
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(%

Yy

>

Gestational diabetgsGestational Changes in metabolic and hormonaVhen the fasting Blood glucose monitoring
mellitus (GDM; onset diabetes. levels; being incompletely understoodjlucose level is betweemmaintenance of a health
of glucose intolerance Also, insulin resistance (IR) may b®2-125 mg/dl. diet, and gentle exercise.
during pregnancy). responsible for GDM. or In a few cases, insuli
therapy or oral medicatio

more than 180 mg/dlyay also be prescribed.

following 1 hr after a 7%

g oral glucose load.

or

in between 153-1989

mg/dl following 2 hr

after a 75 g oral glucoge

load.
Other specific typesSecondary The etiologic association of secondarfhe diagnostic criteria and regimen for second
related to  certaindiabetes. diabetes is related to pancreatiabetes can be made as described above for th
syndromes (Genetic disease or hormonal (hypo pand T2DM and associated syndromes/conditions.
syndromes, pancreatic hyperinsulinemic) or intake of certain
disease, abnormalities drugs [hormonally active agents like

ary
eTl
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in insulin  receptor
chemical or drug

induced/hormonal).

glucocorticoids, oral contraceptive
thyroid hormones, psychoactive age
(Chlorpromazine, Amitriptyline
Lithium carbonate, Haloperidol), ant
neoplastic agents like Alloxan (ALX
Streptozotocin (STZ) and others dru

like Isoniazid, Nicotinic acid, etc.].

Besides these, it is also suspec

because of a higher frequency

association of diabetes with geneti

syndromes [Glycogen-storage diseq
(GSD) type |, hyperlipidemia, etc.].

nts

* People who have any diabetes may need otheraaéain classes to maintain lipid profile and blgodssure.
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1.2.1.1. Pathophysiology of DM

Based on the associated factors of DM, an increasee blood glucose level may
result from reduced endogenous insulin productiordefect in insulin utilization.
Physiologically, insulin produced by the pancrefticells stored within the vacuoles
are found in the islets of Langerhans and is regdlay an elevation of blood glucose
level. After a meal, an increase in the plasma agacconcentrations stimulates
glucose transport intf-cells via glucose transporter proteins, GLUT1 &idJT2.
Furthermore, the islet transcription factor gluecase catalyzes glucose to glucose-6-
phosphate, which metabolizes and produces celhild® levels. The generation of
ATP modifies the activity of the ions, thus inhibg the K-dependent ATP-sensitive
channel (KATP) on the membrane resulting in membrane depmaition due to the
accumulation of intracellular potassium. This, imnt, opens the voltage-gated’Ca
channel ensuing in the influx of calcium ions, whatimulates insulin relead&®

The pathogenesis concerning the T1DM is due to reatic f-cells mass
destruction, typically leading to endogenous imsuleficiency. Type la diabetes is
auto-immune mediated, while type 1b diabetes resna@iimpathic. The pathogenesis
of T1DM can be explained based on the following haeism>*

1. The autoreactive T-cell mediated cytotoxicity sélegy targets pancreatig-
cells while leaving the other islet cell types udeefed, resulting in

immunological abnormalities.

2. The presence of islet cell antibodies against insuhe role of CD8+T-
lymphocytes, along with a variable number of mabeges and CD4+T-

lymphocytes (insulitis), can also lead to auto-inmity

10
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3. In about 10-20% of cases, type la diabetes witara@hto-immune diseases
such as Addison’s disease (adrenal insufficienc@raves’ disease
(hyperthyroidism), Hashimoto’s thyroiditis (chronigmphocytic thyroiditis),

etc. can also lead to auto-immunity.

4. If one of the identical twins has type la diabeties,chance of the second twin
developing the same is about 50%, but not allpasesother additional aspects

are involved with the progression of the disease.

5. Besides these, the involvement of environmentatofacmay trigger the
development of diabetes after several years. Thmerementally induced
diabetes mellitus can be achieved with chemicate IAlloxan (ALX),
Streptozotocin (STZ), and Pentamidine. Other péssissociations are early
exposure to bovine milk proteins, certain viraleictions as cytomegalovirus,

measles, etc. can increase type la diabétes.

The pathogenesis concerning T2DM is due to a defethe utilization of
insulin (insulin resistance) by the peripheral uess (skeletal muscle, fat, and liver)
and/or secretion of insulin relative to glucosedlagth a progressive decline in the
pancreatig3—cell function. The pathogenesis of T2DM can bel@rpd based on the

following mechanisni*>°

1. The lack of insulin sensitivity by the peripherabkues due to obesity is one of
the prominent metabolic factors strongly associatét the defect in insulin
utilization (IR; insulin resistance), thereby leaglito T2DM. Henceforth, the
mechanisms behind the increased blood glucoseslanelT2DM (insulin

resistance) can be explained as:

11



I ntroduction

= Insulin resistance impairs the proper utilizatidrgloicose.
= Increase in the hepatic synthesis of glucose.

= Obesity-related cytokines (adiponectin and tumceross factor-alpha)

and free fatty acids affect the peripheral tisstle=eby playing IR.

= The mechanism of polymorphism may be one of theasffor IR in

various post-receptor intracellular signal pathways

2. The impaired insulin secretion is also interlinkedh T2DM in response to
IR. During the initial phase of the disease, thisr&a compensatory rise in
insulin secretion (hyperinsulinemia) to balance th@mal blood glucose
levels in the body. Furthermore, the pancreptcells partially fail to secrete
an adequate quantity of insulin for its action. Plossible mechanisms behind
the increased blood glucose levels in T2DM (impaiiesulin secretion) can

be explained as:

= The fibrillar protein accumulation in islets of tpancreas due to amylin
in T2DM may be one reason for the impaired functidrpancreatids-

cells of the islet.

= Glucose toxicity due to long-standing hyperglyceraiz as a suitable

metabolic environment for impairgdcell function.

= The lipo-toxicity due to increased free fatty at@dels may also worsen

the -cell function.

3. If one of the identical twins develops T2DM, theanbe of the second twin

developing the same is about 80%. Furthermore,risie for developing

12
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diabetes in the offspring rises to 40% if both pésehave T2DM. Although
there is a more significant role in genetic interide, no definite and
consistent genes have been identified. Few gensglfto be associated with
T2DM are Transcription factor 7-like (TCF7L2) gen€alpain-10 gene,
Maturity onset diabetes of young (MODY) genes [Hepge nuclear factor-

(HNF-4a and HNF-)] and Peroxisome proliferator gef2e

4. Besides these, the involvement of certain envirartalefactors such as
hypertension, obesity, or lack of physical activitiy trigger the phenotyping

of the diseas&"®

1.2.1.2. Experimental models for assessing DM

Variousin-vivo andin-vitro models have been used extensively in researctudy s
the pathogenesis of human diabetes. However, ddédfement factors and uncertain
etiology of diabetes, numerous models are employ@re the induction of disease
is due to different mechanisms with a wide rangadfantages. The commonly used

animal models of diabetes mellitus are explainelite 2.

13



I ntroduction

Table 2: The major animal models of diabetes mellitus (DM).

A. Pharmacological induction of DM (Chemically-inducedmodels): The commonly useth-vivo chemically-induced diabetic models are

classified based on the administration, mecharesm significancé®*°

Drugs/Chemicals

Administration

Mechanism

Significarce

Streptozotocin (STZ

Alloxan (ALX)

subcutaneous sg.),
i(v.),

intraperitoneali(p.).

intra-venous

The STZ enters the GLUT2 receptor and

causes  deoxyribonucleic  acid

the

(DN

alkylation in pancreatic p—cells.

Furthermore, due to the activation
polyadenosine diphosphate ribosylation &
nitric oxide secretion, theB-cells become

necrotic.

A)

opyndromes similar to either
. 1dPM T2DM be
L simulated according to the
administered dose of STZ/ALX.
Thus, it better

or can

offers a

Dialuric acid, the reduced ALX prodtjc
begins a redox cycle with superoxide radic
production.  Furthermore, these radic
undergo dismutation due to the masg
increase in cytosolic calcium concentrati

where the pancreatfizcells are destroyed.

understanding of the effect of
allvsarious compounds within 20—

days.
ve

DN,

14
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B. Genetic models of DM:The commonly used genetic models of diabeteslassified based on the description and significdfiée

Animal models

Description of the model

Significance

db/db mouse
(C57BL/KSJ strain)

The inherited autosomal

mutation on chromosome 4 of the str

recess

is in the db gene encoding lep

VEhey are spontaneously hyperphagic and obese, igngi
ainsulin resistance (IR) within the first month afeaand progres|

ito hyperglycemia (HG) and hyperinsulinemia (Hlelabetween

(C57BL/6J strain)

receptors. 3 and 4" months of age. Furthermore, the disease advang
diabetic nephropathy and ketosis, similar to theDW2 of
humans.
ob/ob mouse The inherited autosomal recess|vehey are hyperphagic and obese, exhibiting diaHées

mutation on chromosome 6 of the str
is in the leptin gene encoding lep

protein.

agyndrome with mild HG, severe HI, mild insulin ghse

itolerance (IGT), IR, and impaired wound healing.

Zucker fatty rat (fa/fa
or obese rat

The simple autosomal recessive
gene on chromosome 5 of the str

encodes for leptin receptors.

fahey are hyperphagic and obese, mimicking the e&apM
astage similar to humans within four weeks with eaged fa
mild HG,

hyperlipidemia, HI, and moderate hypertension.

deposition, mild glucose intolerance,

[

15
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es to
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NOD (Non-obese | It was developed from a strain (the JcAt the age of 4-5 weeks, the mice develop insulitbowed by
diabetic) mouse | ICR mouse) through selective breedingancreatic p-cells damage (through immune attack with
which was used for the first time in thenacrophages, natural killer, T and B cells) and-ekesed insulir

study of cataract development. levels. They are remarkably analogous to the T1Dkuonans.

BB (Bio-breeding) rat| It was first recognized inoBBreeding| At around 12 weeks, the rat develops weight losdydipsia,
Laboratories in Ottawa. The mechanispolyuria, HG, and insulinopenia.
of developing insulitis is the same as the

NOD mouse.

C. Surgical models of DM:The effects of natural products have been screfetie anti-diabetic activity through complete mral of the
pancreas with species like rats, dogs, pigs, amdapes to obtain hyperglycemia. But, limitationsthés technique have opted for a better

alternative. Few limitations are:

The availability of technical expertise due to majorgery and the risk of animal infection.

The requirement and maintenance of an adequatealurgom environment.

The suitable administration of antibiotics and geala post-operation, and

Intake of pancreatic enzymes (for malabsorptfn).

16
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1.2.2. Hepatocellular carcinoma (HCC)

The HCC is the most frequent malignant type of pryncancer and accounts for
nearly 75% of all liver casédGlobally, it represents the fourth most frequenisea
of cancer-related deaths with high prevalence rgiesdominantly in South-
Eastern/Eastern Asia and Africa, followed by intediate rates in Southern Europe
and low rates in most high-income countfi&% Furthermore, male patients are at
higher risk than females, increasing with &&he clinical signs and symptoms in
patients with HCC include gastrointestinal hemogeha abdominal discomfort,
jaundice, weight loss, fatigue, loss of appetisgitas, blood in the stool, fluid in the
abdomen, fever, hepatomegaly, nausea, and vonifti@he global burden of HCC
are probably resultant of:

1. Failure to identify people at risk of viral infegtis (as hepatitis B and/or C).

n

The population has a high prevalence of commonogfical factors.
3. Lack of medical skills and facilities for early detion.

4. Lack of operative treatment options among the p&iwith an advanced stage

of hepato-carcinoma after diagnosis.

5. Poor responsiveness, with inadequate or ambigudiendance in HCC
surveillance progran{$:*’
The various risk accompanying HCC factors are dkrbepatitis B and/or C
virus infection (HBV and/or HCV), cirrhosis, dieya(nutritional) and toxic factors,
heavy alcohol drinking, non-alcoholic fatty liveisdase (NAFLD), tobacco smoking,

hormones and chemicals, race/ethnicity and genslezxplained in detail in table

43,45,48
3.7

17
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Table 3: The major risk factors for hepatocellular carcirofHCC)*34°464853

Risk factors Examples Characteristic features/Mechaisms

Infection with the| HBV: A small DNA virus| = The HBV infection increases the inflammatory caliniover in the
hepatitis B/C virug (Hepatotropic DNA viruses) hepatocytes leading to the release of cytokines wthately leads ta

(HBV/HCV). known as hepadnaviruses.| lysis of the infected cells.

= Incorporating the hepatitis B DNA genome into tlusthgenome disrupt

(7]

the regulatory elements of DNA methylation, cellcloyg, histone

modifications, and RNA interference.

» Transmission: Up to 90% of infected people, inahgdimothers of
newborns, have a chronic infection.

HCV: Single-stranded RNA

\J

M« The direct role of HCV infection in the pathogemechanisms of HC(

genome. is less understood.

»However, DNA methylation, histone modifications, danRNA

interference may be frequently associated with HCC.

Dietary (Nutritional)| Aflatoxin: A mycotoxin| = It thrives on foods like peanuts (kept in damp avaim conditions)

18
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and toxic factors.

produced byAspergillus
parasiticus and Aspergillus

flavus.

Alcohol: It is a leading
cause of the chronic live
disease (CLD) and

cirrhosis.

live

Tobacco smoking

r patients who have hepatitis by promoting cirrhostse aggressively.

=

corn, or consuming the animal's meat fed with alet-contaminatec

cereals.

= |t is converted to aflatoxin B-exo-8, 9-epoxide,aaivated substrate th

can interact with DNA and cause damage.

= |t acts as a co-factor (synergistic effect) andeases the risk of HCC

» There is a strong connection between tobacco uséharrisk of HCC.

»|t acts due to synergism between cigarette smokimg HBV and/or
HCV infection.

Hormones/Chemicals.

Steroidal sex hormones

Nitrosamines

* |t may lead to severe consequences like liver adesand HCC.

= When ingested, tinned foods or other stored pradachtaining nitrites

further converts to nitrates and finally reactshw#amines and caus

cancer (liver, stomach cancer, etc.).

)

D

e
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Polycyclic hydrocarbons | = Derivatives of car exhaust, cigarette smoke andeBimteract with the

base pairs of cellular DNAs, impose changes, asdtren cancer.

» Benzidine and beta-naphthyl amine react with tkierlicells, and onc

Aromatic amines and azo excreted from the liver, they are meant to reaehutinary bladder an

dyes may lead to cancer.

14

o

Race/ethnicity.

= Asians are two times more prone to get HCC thaicafr Americans.

Gender.

= Males are more prone than females for the incideriddCC, with approximately three times higher

frequency and mortality among men than women.

= Experimental studies suggest that sex hormonesaptayotal role in tumor progression. For examjile

was observed from the endocrine ablation experisnémt ovarian estrogens protect against tu
progression. In contrast, testicular androgens ptentumorigenesis administered with a po

carcinogen.

mor

ent
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The non-specific HCC laboratory findings parameterslude the rise in
various liver enzyme levels such as alkaline phatgde (ALP), aspartate
aminotransferase (AST), alanine aminotransferas€TYAand bilirubin levels.
However, specific serum protein diagnostic bio-neaskstrongly suggest that it gets
elevated in hepatocarcinoma conditions. They irelatpha-fetoprotein (AFP), des-
gamma-carboxyprothrombin (DCP), and gamma-glutaraylsferase (GGT). Besides
these, for the detection, staging and localizatibRICC, imaging techniques are also
effective for patient management. They include asinography, computed
tomography (CT), lipiodol CT, angiography, and metgm resonance imaging
techniques. Further, especially in AFP-negativeiepéd, liver biopsy guided by
ultrasound or CT usually provides sufficient tisfoea conclusive diagnosis. But, in
patients with significantly increased AFP levelsliver biopsy is not permitted, as
they are potentially eligible for resection or livigansplantation to eliminate the
greater risk of cancerous cells spreading befargesy*®
1.2.2.1. Pathophysiology of HCC
The HCC is heterogeneous with alterable molecwdatuires at the histo-molecular
level based on transcriptome analysis, exome sequgn and genomic
characterizatiofi® The initial step towards the neoplastic progressibHCC involves
forming hyperplastic nodules in the regeneratingatecytes with regular cytological
features. This, in turn, progresses to premaligndpsplastic nodules where
anomalous liver features are noted with nucleawdiog, enlarged trabeculae
thickening, and apparent cell changes. Furthesetimemalignant dysplastic nodules
attack the adjacent fibrous stroma and blood vesaatl metastasis is achieved?>°

Here, during this process of evolution of HCC, saleoncogenes and tumor-
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suppressor genes are deregulated through manyigemet epigenetic alterations,
which are explained in detail in tablé4.

The macroscopic features of most HCCs cases atswaidth liver cirrhosis
show characteristic expanding types of the tumah vimtra-tumoral septa and a
fibrous capsule. Whereas those without cirrhosisl teo be present as massive and
non-encapsulateld. Grossly, different degrees of morphological changleserved in
HCC can be classified into three patterns of groamttiollows®*

1. Multifocal type: It is observed less often, whehe thodules of 3 to 5 cm in
diameter are spread throughout the liver.

2. Expanding type: It is most frequently observed védtfarge mass of tumors,
most often in the right lobe of the liver, accomigdrby necrosis, hemorrhage,
and occasional bile staining.

3. Spreading type: It is infiltrating tumor mass olvset rarely.

Further, microscopically, the tumor cells of HCOhdze classified based on
patterns as follow&*

1. Sinusoidal or trabecular pattern: The most commattem where sinusoids
separate the trabeculae of 2—8 extensive layeraraferous cells.

2. Acinar or pseudo-glandular pattern: This pattersosietimes observed where
the tumor cells are disposed around the centraiccgsace.

3. Compact pattern: This pattern resembles a trabeéoten with large tumor
solid masses and fine sinusoids.

4. Scirrhous pattern: The presence of abundant fibstusna characterizes this

pattern.
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Table 4: The molecular alterations identified during théhpgenesis of hepatocellular carcinoma (HCC).

Molecular features

Summary of molecular alterationsn HCC

Methylatiort >~

= During the early stages of human HCC tumor devetamirDNA methylation is critical.

= |nitially, apoptosis-related markers [deleted el cancer 1 (DLC1), E-cadherin, p

apoptotic activity, both intrinsically or extrinsilty.

= During HCC, anti-apoptotic signal molecules likec&enin, Ras/extracellular recep
kinase (Ras/ERK), and Snail are overexpressedntrast, few pro-apoptotic molecul
like phosphatase and tensin homolog (PTEN), Baxpghdre downregulated, leading
imbalance and evasion of apoptosis.

Tyrosine-protein  kinas

receptor Met or c-Me

factor recepto
(HGFRY"®3

and hepatocyte growth

e » Reports of over-expression of Met receptors haenlwenfirmed in an advanced stage

t HCC through activation of cell proliferation, angenesis, and survival.

= The deterioration of tumors due to apoptosis art preliferation resulted from th
hepatic-driven expression and termination of trangsgexpression activates the tyrosi

protein kinase transgene Met, leading to HCC.

ErbB receptor family®

= The ErbB family (ERBB1-ERBB4) is implicated in ariety of cancers.
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= Over-expression of these receptors is confirmdd@C cases.

*The HCC progression can be correlated with the Erb&ptor family as confirmed
through a high rate of proliferation, intrahepatietastasis, de-differentiation and tumor

size.

p>’tumor suppressioh™ | = The p* deficiency plays a part in the development of HCC.

» |t works as a transcript factor in the growth, eiéntiation, and cell cycle processes of

cells.

*The genetic mutations ofbdetected in larger HCCs are related to the devetop of
late-stage disease. An association withghanges and advanced malignancies in HCV

and/or HBV-related HCCs cases is confirmed.

p-catenift” " = It's a downstream part of the Wnt cancer signgliathway connected to one-third of all
HCC cases.

»Reports indicate that over-expression and mutati@igted top-catenin have been

correlated to early-stage HCC progression.

p'® (CDKN2A; Cyclin-| = A tumor suppresser gene and a powerful modulatmebfcycle progression during the
dependent kinase G; phase.
inhibitor 2A)*
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homozygous deletions in chromosome 9.

= Mutations primarily mediate the decreased expressiop® in HCC in CDKN2A or

Axis inhibition proteins|
(AXIN1 and 2)°

mediated through-catenin.

» They are tumor suppressor proteins that play aenéiss role in the transduction of Wnt-

Vascular endothelig
growth factor A
(VEGFA)®

I= An efficient angiogenesis controller that influeacéumorigenesis by encouragi

endothelial development and redistribution.

been expressed in HCC cases.

» The over-expression of the VEGFA gene, tumor simk density of arteries and veins has

Phosphatase and tens
homolog (PTENY

various biological processes such as differentiatipowth and metabolism.

expression of the PTEN gene has been identified.

5im [t functions as a specific gene by decreasing IB&KRKT/mTOR pathway involved in

* |t also aids in the progression and advancemehephtocarcinogenesis, where reduced

Abbreviations: PI3K, Phophoinositide 3-kinase; AKT, Protein kin&&enTOR, Mammalian target of rapamycin.
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1.2.2.2. Experimental models for assessing HGE*

The experimental models of hepato-carcinogenesisbaing developed to initiate
inflammation and the progression from fibrosis &meer. In addition, numerous-

vivo models have been used extensively in researckfinedHCC pathogenesis and
assess potential drug targets. The different availanimal models used in HCC

research are categorized as:

1. Chemically induced models:The chemical models of HCC involve the usage of
varying chemical reagents for the induction of tusnan animals (Table 5).
Generally, there are two known carcinogens: (a) dBedc substances that
eventually cause DNA modifications and (b) Promgptsubstances that do not
cause DNA changes but can increase tumor develdpafiem hepatotoxic agents
have been used. Hereafter, an example of two-sthgmically induced models
often involves initiation by a genotoxic substaras diethylnitrosamine (DEN)

influenced by a promoting agent as phenobarbi) (Br inducing HCC>"®

The most commonly used hepatocarcinogen in rodentgethylnitrosamine
(DEN), a genotoxic compound of the nitrosamine fgmihich produces reactive
oxygen species (ROS). The ethyl radical metabgtelsCH,") is formed when
cytochrome p450 enzymes metabolize the DEN. lteagsmage to the liver by
eliciting ROS production and interacting with thecleophilic sites in DNA. It is
widely reported in the environment, tobacco smalkeieties of foods as smoked
meat, fermented and preserved fish, dairy produgtsundnut, nitrate-rich
groundwater, and alcoholic drinks. The duratiorurezl to develop HCC after a
single injection of DEN depends on various factas dose, route of

administration, age, gender, and strain of the mtedeThis related variation in the
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animal species may be due to enzymatic and metabeéictions in different
organs. The mechanism of action of various stage®EN-induced hepato-

carcinoma is being illustrated with the help ofaf diagram (Figure 1).

Carbon tetrachloride (C@l induces hepatotoxicity by producing reactive
trichloromethyl radical metabolite during oxidatimeetabolism by eliciting ROS
production membrane-phospholipids damage. The exifethe liver damage can
be further progressed to necrosis through microsaytachrome p450 enzymes

by compounds like ethanol, acetone, and phenobarbit

Peroxisome proliferators (PPs), such as ciproféhrignofibrate, clofibrate, or
methyl clofenapate, induce liver tumors in rodeAfiter a repetitive long-term, the
peroxisome proliferator-activated receptois stimulated. This receptor protein is
responsible for the regulation of cell proliferati@nd apoptosis. Well-defined

trabecular histological patterns characterize tineotrs induced by PPs.

Aflatoxin B; (AFB;) is a well-known hepatic carcinogen produced by a
particular genus of the fungAspergillus, such asAspergillus flavum. The liver
microsomal enzymes metabolized the AFB to an E®eepoxide substrate, which

binds specifically to DNA's guanine residues, riisglin DNA mutations.

Choline/methionine-deficient diet (CDD) induces rleasis and hepato-
carcinogenesis in rodents due to the depletiorhefanti-oxidant mechanisms of
the hepatocytes. It ultimately leads to inflammatioecrosis, fatty liver changes,
fibrosis, followed by infrequent cirrhosis and HCE&s observed with the

histological changes in CDD-fed rodents. Furthehiodcetamide (TAA), a
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hepatotoxin, induces rodent fibrosis due to the mmmd's oxidation abilities and

hepatic stres&®°

. Xenograft models: The primary basis of the xenograft models inclutthes tumor
could develop from cancer cells grown in a lab wheplanted subcutaneously or
intraperitoneally in athymic (nude) mice. It offexdvantages where the tumors are
easily and rapidly induced and have a negligibfeatfon animal well-being. The
different kinds of xenograft models are orthotopimplantation, ectopic

implantation, and hollow fiber model.

The orthotopic implantation model describes howcearcells are implanted
into mice intra-hepatically. It offers advantagesl @rovides information about the
metastatic state of the tumors and is more apmtpfor extrapolation to humans.
Besides these, it also allows the possibility tglant HCC cells in chemically
induced-fibrotic livers, where fibrosis is induckitially with the help of chemical

agents (Thioacetamide or G@I Alcohol).

The tumor cells are administered subcutaneoustytimt mice in the ectopic
implantation model. Generally, the fast occurremfetumors can be achieved
within 5 to 20 weeks, and it is easy to performisltweakly extrapolatable to
humans, and several cell lines need to be tested significant difference is

observed between the cell lines.

Further, the hollow fiber model explains cancerl deles placed in small
polyvinylidene semi-permeable tubes cultured fot@48 hin-vitro are implanted
intraperitoneally or subcutaneously in nude miteffers fast results within 1 to 2

weeks. Besides this, the retrieval of cancer cefter experimentation can be
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helpful for subsequent analysis. At the same tinedirect interaction with the

liver tissue occurs and subsequently, metastasisotde tested 22

. Genetically modified models:lt is the most sophisticated model where geneticall
engineered animals mimic the molecular and pathsiplogical conditions of

HCC. It helps in the thorough investigation of thecogenic signaling pathway, in
which the effects of cancerous cells alone or Boastion with other carcinogens

are evaluated.

The transgenic models involving the overexpressibroncogenes explain
where the alteration of the oncogenes sucB-eatenin or myc protein influences
tumor development. Likewise, transgenic models lve with the incorporation
of hepatitis B or C virus genes promote hepatitthiced-HCC. Further, the growth
factor involvement can also augment cell prolifieratto induce HCC in animals.
Besides these, through the creation of an ideabtwemvironment, this model helps
to mimic and develop inflammation, steatosis, f#isoand tumors alike to human

non-alcoholic steatohepatiti&&8%8°
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Table 5: The commonly useth-vivo chemically-induced HCC models are classified basethe usual routes of administration, mechaniém o

action, and significance:°

Drugs/Chemicals Common routes Mechanism of action ighificance

Diethylnitrosamine | Intraperitoneal i(p.) | It is a genotoxic hepatocarcinogen that acts| b§0% HCC in males;

(DEN) injection. ethylating at the nucleophilic sites of DNA. 30% in females.

Dimethylnitrosaming Intraperitoneal i(p.) | It acts by methylation and covalent binding |df00% HCC.

(DMN) injection or per oral nucleic acids and proteins in hepatocytes.
(p.0.).
Carbon tetrachloride Through  drinking| It acts through the production of ROS and by damdg®-94% (dose-dependent)
(CCly) water, inhalation, or of membrane phospholipids. in  both males and
intraperitoneal i(p.) females.
injection.
Peroxisome In the form of diet. | It is a non-genotoxic carcieogthat causes thel00% HCC.
proliferators (PPs) peroxisome proliferator-activated receptor to beeom
activated.
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Aflatoxin B; (AFB;) | Bolus injection. It binds selectively with the apine residues dfinter-strain  difference

UJ

DNA, hence causing DNA mutations. are observed.

Choline/methionine-| In the form of diet. | It acts through DNA injury, flammation and 100% HCC.

deficient diet (CDD) chromosomal heterogeneity.
Thioacetamide Intraperitoneal i(p.) | Metabolites induce hepatic oxidative stress. 7094.64CC.
(TAA) injection.
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' Diethylnitrosamine NADPH & Oxygen _Ethyl radical metabolite nucﬁlgdﬁﬁit‘s’ites Initiated cell:
(DEN) Cytochrome p450 (CH;CH,"): intermediate P permanent DNA
;3 : p formai of DNA: adduct les

:: Activation of

: cellular proto-
oncogenes
Malignant Preneoplastic Hepatocellular p53, p38, NF-«f Mutation:

;3 neoplasm clone alteredfoci  Ras, INK, STAT 3 cell proliferation

Figure 1: The nechanism of action of various stage«iethylnitrosamine-induced hepato-carcinoma.
NADPH: Nicotinamide adenine dinucleotide phosphNF-kB: Nuclear factoneB; JNK:c-Jun Nterminal kinas; STAT-3: Signal transducers

and activator of transcription 3.
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1.2.3. Correlation between diabetes and hepatoceliu carcinoma

A large number of cohorts, retrospective, obseovati and case-control reports
indicate that people with diabetes are more likelglevelop site-specific tumors, such
as hepatic cancer, and their mortality rate is &igfi®>®°®® The first possible
connection was reported by Lawsenal. They documented that irrespective of the
well-known factors of HCC as viral hepatitis, ciodis (alcoholic), or other factors,
diabetes is also more predominant in the patienith Wwepatic cance? The
complicated relationship between these two diseasekes it challenging to
understand the exact pathophysiological mechanisihsdiabetes and HCC.
Nevertheless, various ongoing studies in recentrsyehave suggested the
pathophysiology of HCC in diabetic conditions. layrbe attributed to hyperglycemia
(HG), hyperinsulinemia (HI), insulin resistance )IRobesity and enhanced
inflammatory processes or treatment for diab&e%%*

1.2.3.1. Evidence for a biological link between DNMind HCC

The underlying mechanisms that link diabetes toatiepcancer depend on the

following factors:

1. Hyperglycemia (HG) and hepatic cancer The connection between
hyperglycemia (HG) and hepatic cancer is still wown. Nonetheless, several
epidemiological studies have revealed that higltage levels can be a factor in
tumor development and progression. Hyperglycemlze major metabolic
abnormality, characterizes all types of diabetegbsed under impaired glucose
tolerance (IGT) and/or resultant increase in bighttose levef:**%>%According
to the American Diabetes Association guidelinesth# blood glucose level is
greater than seven mmol/l, it is regarded as diab€he persistent HG results in

glucose toxicity, which is considered one of thgn#icant causes of organ
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impairment® The high glucose serves as a subordinate causéritjgers several
direct and indirect mechanisms for the prolifenatiof cancer cells, migration,
invasion, and immunological escape. The productibfree radicals (ROS) and
DNA damage increases due to high energy consumpiioglucose toxicity,
indicating a role in developing oxidative stressd aimflammatory response.
Changes in the levels of both enzymatic and noyraafic anti-oxidants levels are
observed. It also includes the stimulation of pblgnd hexosamine biosynthetic
pathways and changes in gene expression. Besidésinicreased formation of
advanced glycation end products (AGEs), oxidativesphorylation, glucose auto-
oxidation process and protein kinase C (PKC) atitmacould also promote
carcinogenesi& ®°*The WNTp-catenin activation in HG cells has recently been
linked to cancer cell proliferation, survival, asehescence:'®

The well-known metabolic hallmark of the cancerlg;elnlike the normal
cells, predominantly metabolizes glucose uptakeutin glycolysis even in the
presence of oxygen and results in lactate productiermed as the Warburg
effect!®* Hence, hyperglycemia favored the cancer cells ® furvival and
proliferation through this altered metabolism. Mmrer, due to the overproduction
of lactate, the acidic environment supports the@alt cancer cells by suppressing
the cytotoxic immune responS¥. Besides these, the cancer cells also play a
critical role in synthesizing lipid, protein, DNAand RNA through aerobic
glycolysis, thereby augmenting cell proliferationia v different signaling
pathways->>*% Thus, the increased utilization of glucose by eaoas cells and
the association between the rise of hepatic caaocer hyperglycemia due to
diabetes may not be a coincidence. As a result) lglgicose should not be

overlooked as a factor that aids in developing tiegancer.
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2. Hyperinsulinemia (HI), insulin resistance (IR), and hepatic cancer Insulin
sensitivity and hyperinsulinemia (HI) are essenfiapects in the progress of
diabetes in people who have hepatic cancer. Earlis Heen in type Il diabetic
patients compared to HG levels, and it can alssd®n in type | patients with
diabetes receiving insulin supplements. Enhancelilim levels increase the
growth factor receptors of insulin, resulting invast network in which most
cancerous cells express these receptors througtipfauypathways. Further, they
can stimulate insulin-facilitated mitogenesis bycraasing protein synthesis,
decreased mitochondrial oxidation of fatty acidsljutar proliferation, invasion,
metastasis, and apoptosis suppression which asdevad essential factors for the
progression of tumor cells. Taken together, theag e associated with hepatic
injury, inflammation, followed by fibrosis, cirrhiss and finally, hepatic
cancer'%%\ioreover, insulin receptors are overexpressed durepatic cancer.

Insulin, a potent metabolic hormone and growthidigcmay interact with
hepatocytes, thereby activating Akt (Protein kinde phosphorylation, thus
contributing to the progression of cancerous cellBis signaling pathway is
mediated via several mechanisms through increagtakel of glucose by the
hepatocytes (through translocation of glucose pariers), suppression of
apoptosis by inhibition of pro-apoptotic proteinsdaby regulating the cell cycle
(from G, to S phase)®®

3. Obesity, inflammation, and hepatic cancer Type Il diabetes mellitus associated
with obesity characterized by chronic inflammateyppears to be another linking
factor for tumor progression. The increase in thedpction of the free radicals
mediated through oxidative stress affects differesntcer signaling pathways. It

starts with the disruption of the insulin signalimgthway leading to DNA
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mutations being favored by the free radidafd! The DNA mutations
(single/double-strand break in DNA, oxidized DNAg dormed when the hydroxyl
free radicals interact with the DNA. Further, folimg the DNA mutations, our
body's repair system can prevent DNA damage or rgodapoptosis. The cells
escaping from apoptosis and undergoing DNA changagibute to the promotion
of hepatic cancer:? The adiponectin and leptin by the visceral adipissie and
pro-inflammatory cytokines markers regulate the papiic markers, promoting
hepatic cancel***'® Besides these, the heritable phenotypic changeb asc
histone modification, DNA methylation, and RNA irfexence also affect the
cytokine-mediated cell signaling pathway. The prgeand pro-inflammatory gene
nuclear factor kappa B (NkB) involved in the cytokine-mediated cell signaling
pathway leads to the metabolic deregulation folldwsg hepatocyte chang&$:*’
Furthermore, ROS may influence extracellular sigegulated kinases or mitogen-
activated protein kinases (MAPK) transcription st ensuing in the proliferation

of the hepatic cell§®

1.2.4. Molecular mechanism for hyperglycemia incresing the risk of HCC:

Cancer-associated pathways

1.2.4.1. Effect of 5’adenosine monophosphate-actied protein kinase (AMPK)

metabolic alteration in HCC and diabetes

The AMPK is one of the central metabolic and cellulegulators in all eukaryotic

cells. It is a highly complex and conserved heteraric threonine/serine protein

kinase composed of catalytic subunits designatedalpba (1) along with two

regulatory subunits as betf) (and gammayvyj. Furthermore, each catalytic and

regulatory subunit has two or three subuniigp, P12 and yis represented by
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different genes$™®!? It plays multiple roles in the physiology and pdtgy of
various diseases, notably the HCC and dialéte$®

Hepatocellular carcinoma (HCC): The dysregulation and malfunction of AMPK
mediate a particular type of regulatory procesthe pathological condition of HCC
progression. It is coordinated through various meddms such as modulation of the
apoptosis, cell cycle, autophagye novo fatty acid synthesis, inhibition of protein
synthesis and cell metabolism. Several direct addect AMPK activators possess
anti-HCC activity suggesting a reduction in celblgeration in tumor cells and
animal studies. The direct activators such as Swamidazole-4-carboxamide
riboside (AICAR), benzimidazole derivatives intdragith the protein and lead to
conformational changes of AMPK. On the other haindjrect activators such as
metformin HCI or berberine don’t require any diratderaction with the protein. They
are the modulators of calcium or AMP levE§!2

Diabetes mellitus (DM): High free fatty acids (FFAs), which are the drivifagtors
for insulin resistance (IR) in diabetic populatipmesulted in decreased AMPK
activity. These results in impairment of the insubignaling pathway. AMPK-
activators have been shown in studies to increaselin sensitivity by inhibiting
protein synthesis or lipogenesis. As a result, AMRHKibits anabolism by regulating
ROS-mediated stress as well as lipid and proteiaibodism, which may be effective
in preventing and treating IR and diabe'es.

1.2.4.2. Targeting Akt or Protein kinase B (PKB) gjnaling pathway in HCC

The Akt or Protein kinase B (PKB) dysfunction is essential pathway in various
pathological conditions, including HCC and diabetés serine/threonine-protein
kinase family includes three classes, each encbygeddifferent gene, namely Alg

in mammalian cell$?’
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The Akt, known as a proto-oncogene, is increasingiglicated in hepato-
carcinogenesis. It serves as a significant pathwayiggering a cascade of responses
that links from increased cell proliferation ana\gth, apoptosis, migration, survival
to metastasis of tumor cells. Besides these, Akt edgulates the glucose metabolism
pathway. According to evidence, increased actigityhe Akt transcription factor is
frequently observed in the development of hepatoktagenesis. It is clearly
explained in response to the stimuli of specifiovgih factors (GFs) such as IGFs,
tyrosine-protein kinase or human epidermal grovattdrs, all of which are over-
expressed in several cases of HCC. Besides thase, hepatitis infection also
contributes to the increased expression of Akt.s€haltogether activate the Akt.
Studies related to both pre-clinical and clinicaldées have shown promising anti-
HCC activity targeting the Akt signaling pathwayrdhgh regulation of multiple
down-stream moleculg§? %130
1.2.4.3. Role of phosphoenolpyruvate carboxykinaséPCK/PEPCK) genes in
cancer
In mammalian cells, the gluconeogenic enzyme PC#assified into two isoforms:
cytoplasmic PEPCK-c or PCK-1 and mitochondrial PER® or PCK-2. It forms
phosphoenolpyruvate (PEP) by catalyzing the oxai@ae (OAA) in the liver, the
rate-limiting step of gluconeogenesi$®*? Evidence indicates the increased
expression of PCK-genes in various types of carioeluding skin, colon, bladder,
breast, kidney, and lung. It is linked with therease in the anabolic metabolism and
the growth and differentiation of the tumor cells.also indicates that the altered
expression has been linked to insulin resistariel (liabetes, obesity, fatty liver and

other metabolic statdd?*3*
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1.2.4.4. Targeting sterol regulatory element-bindig protein-1 (SREBP-1)
regulated pathway to treat cancer

The SREBP-1, which plays a significant part in ayerdc signaling-mediated glucose
metabolism tade novo lipogenesis, is regulated by AMPK and PI3K/Akt.eTlevels
of SREBP-1 are observed to be elevated in variuesstof cancer and animal models
of diabetes. Further, the pharmacological targe¢th@REBP-1 has been correlated
with decreased tumor growth. The development otifipeinhibitors by targeting
SREBP-1 mediated through AMPK and the Akt signalpaghway could act as a
possible strategy to treat cané&r:

1.2.5. Metformin HCI

Metformin, a guanidine derivative, was first diseoad in the 1920s from plant
extract Galega officinalis (French lilac) and isoamylene guanidine (Galegifidje
metformin, chemically known as 1,1-dimethyl bigudiis the most widely used
first-line oral therapy to treat hyperglycemia imletic patients (Figure 2). Patients
with polycystic ovary syndrome, gestational diabettiabetes-related cardiovascular
complications, or metabolic syndrome may also befreim it. It also reduces body
weight by involving adipose tissue and suppressiogd intake by involving
hormones or cytokines such as leptin, insulin,lwetin. Also, it can reduce fatty liver
in animals, impact specific inflammatory markers aardiovascular markers and

possibly decreases the risk of certain types ofdmoancers®4°
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Figure 2: Chemical structure of metformin HCI.
1.2.5.1. Metformin in diabetes mellitus: Anti-diabeic actions
Metformin is an anti-hyperglycemic medication tlatiuces blood sugar levels by
suppressing liver gluconeogenesis or increasingogkel absorption in skeletal muscle
without inducing hypoglycemia. It is also knownaasinsulin-sensitizing agent acting
through decreased plasma insulin levels or reduansglin resistance (IR). The
AMPK, a principal energy sensor of multiple metabgathways, gets activated due
to metformin that lowers hepatic glucose productiBasides these, various-vitro
and in-vivo experiments showed the glucose-lowering effectsmatformin by
decreasing the glucagon concentrations. The indiibiof the glucagon signaling
reduces the activation of adenylate cyclase (ACsydl durther prevents the
phosphorylation of downstream molecules. This letada decrease in the hepatic
glucose production through inhibition of glycogeysis, gluconeogenesis or
ketogenesis and by the promotion of glycolysislgcagenesig®14!
1.2.5.2. Metformin in cancer: Potential molecular nechanism of actions
The impact of metformin therapy on the reduced o$lcancer and cancer-related
mortality was associated with several findings. Thaicaltrials.gov, a clinical trial
database, reports that 353 clinical trial studiescancer and metformin have been

reported as of 20282 The therapeutic and preventive benefits of metforin
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lowering cancer risk, including hepatic cancer imbetic patients, have been
demonstrated in several observational stutfie¥” The first reported case-control
study by Evanst al. in 2005 reported that metformin minimizes the rddes of
cancer in people with diabet& Furthermore, Franciost al. validated the previous
findings using 18 retrospective studies in the rliyeancreas, and colon cancers,
followed by Zhanget al. overall progress and survival outcome in the liver,
colorectal, breast, and pancreatic cant&¥° The underlying molecular
mechanisms of metformin in cancer remain uncleandtheless, numerous studies
have identified reduced insulin-like growth factar insulin, inhibition of
angiogenesis and AMPK activation, thereby inhilgitimTOR signaling, cell cycle
arrest, and apoptosis as mechanisms of action.

Cell growth inhibition (LKB1/AMPK/mTOR and IGF-1 si gnaling pathway):
Metformin inhibits tumor cell growth by activatirej AMP-activated protein kinase
programmed in the presence of small interfering RNPhe presence of liver kinase
B1 (LKB1) is needed for AMPK activation. The AMPKtavation also interrupts the
mTOR (mammalian target of rapamycin) signal tragtidn pathway, inhibiting cell
proliferation®**’ The inhibition of mMTOR thereby affects the grovidutor-
dependent signaling pathways as phosphoinosititmases (PI3K) and mitogen-
activated protein kinase (MAPK) along with the o&pegdependent signaling
pathways. The mTOR phosphorylation regulates tivendream signaling mediators
to control cell growth, cycle progression, and aggnesis’® Furthermore,
LKB1/AMPK activation disrupts the insulin signalingpathway, resulting in
insulin/IGF-1 factor inhibition, a common route fdiabetes and cancer. In addition,

metformin inhibits the fatty acid enzyme, a keyyme in tumor progressiot?
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Cell cycle arrest: The cell cycle arrest by metformin in the malignaetl via
activated AMPK is another potential mechanism diosic The reduced expression of
cyclin D1 and the subsequent activation of p21Gi& p27KIP are linked to AMPK
activation. It can also induce cell cycle arrestd asmpoptosis in the cells by
downregulation of cyclin D1 via activating the tumsuppressor gene p53.
Furthermore, metformin has been shown to disrupta#ll proliferation of various
tumors, notably hepatic tumors, by up-regulating fgt-7 family, as observed in the
pre-clinical studied®*>2

AMPK independent signaling pathways: Metformin protects the oxidative
mediated DNA damage by blocking the mitochondrédpiratory chain. It can also
activate the signal transducers pathway of apaptasd autophagy. Furthermore,
metformin inhibits glucose uptake by the tumor €éirough direct influence on the
enzyme hexokinase 17>*°°
1.2.6.Acorus calamus Linn. (Sweet flag)

Table 6: Details ofAcorus calamus Linn.***%

Name of the plant Acorus calamus Linn.
Family Acoraceae.
Common name Sweet flag, Calamus, Calamus root, tSgaemel,

Myrtle grass, Vacha, Bach, Vaj.

Part of plant used Leaves, stems, and roots (rlespm

Traditional uses In Chinese and Indian herbal réesed is commonly

used alone or associated with several other plants
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1.2.6.1. Botanical classification

Table 7: Botanical classification ofcorus calamus Linn.1>%1%7

Kingdom Plantae
Sub kingdom Tracheobionta
Superdivision Spermatophyta
Division Magnoliophyta
Class Liliopsida
Order Arales
Family Acoraceae
Genus Acorus
Species Calamus

1.2.6.2. Botanical description and habitat/geograpbal distribution

The Acorus calamus, frequently known as the Sweet flag in the tradil system of
medicine, is a tall herbaceous perennial plant witteping rhizomes that are highly
branched, bitter in taste, citrus in odor and pieen or pinkish. It is a semi-aquatic
and terrestrial plant present in a moist environim&rch as rivers, swamp areas,
streams, or banks of the pond. The distichoushradtte or sympodial radiant green
leaf is within 0.7 to 1.7 cm in width. The long indrical, greenish-brown flowers (3
to 8 cm long) are covered with rounded spikes. ffiligs of the plant containing few
seeds are berry-like and small in appearance. Mosties of the plant are widely
cultivated in various regions of the globe, inchglindia, China, Burma, Japan, Sri
Lanka, the northern USA, Mongolia, and Rugsfd>’

1.2.6.3. Chemical constituent§®*>°

Several studies have investigated the plntalamus phytochemical constituents
from the leaves, rhizomes, and stems. It has repanumerous phytoconstituents
such as glycosides (xanthone), steroids, flavonoiddatile oil, monoterpenes,

saponins, polyphenolic compounds, sesquiterpeliggan,| an alkaloid (glucoside),
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mucilage and tannins. It also includes calameolanoan, and calamenol, as well as
other essential oils. It has also reported bittgrcasides such as pinene, acorine,
acoretin, camphene, and eugenol. Studies haveral@aled the presence of two
predominant bioactive aromatic phytoconstituentsnfrhizomes of the plant. They
are alphad)-and betaff)-asarone (Figure 3). Some other constituents hiseebeen
identified in the extracts of the plant, such adrad@, p-sitosterol, myrcene,
phellandrengs, thujane, terpinemn; terpinolene, para-cymene, elemicin, camphor,

linalool, calacorene, spathulenol, andndp-pinenes.

\,

;:\

Alpha (¢)-asarone Beta (B)-asarone

Figure 3: Chemical structures ofuf-asarone (1,2,4-trimethoxy-5-[(E)-prop-1-enyl]
benzene) andpf-asarone (1, 2, 4-trimethoxy-5-[(Z)-prop-1-enyBrizene) obtained

from A. calamus.

1.2.6.4. Ethnomedicinal/Traditional use¥°*®

It has been found that the different parts of ttenpare used for various medicinal
purposes in Indian Ayurvedic and Traditional ChaneSystems. The herbaceous
perennial plant is used externally as a paste [feviating the pain and swelling in

people suffering from inflamed joints, rheumatison,rheumatic fever. Further, it is

effective for digestive complaints, namely loss &bpetite, worms, flatulence,

abdominal pain, constipation, and digestive systprablems. The natives of

Albertans use it to treat hangovers, headaches, taothaches, as well as
disinfectants.
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Some of the popularly marketed formulations pregpanendia such as Janma
Ghunti Honey for diarrhea and constipation (Dalmatid Limited), Scavon Vet cream
as anti-fungal and anti-bacterial agents (The HayalDrug Company, Bangalore,
India), Vacha powder as a brain tonic and for pnéiea of nausea (Bixa Botanical),
Calamus root powder for mental health problems I@deiBiopharm), Pigmento
tablets for leukoderma (Charak Pharma), KankayanfBadyspepsia and flatulence
(Baidyanath Pvt. Ltd.) and many others are usedhéwnerous purposes. It is being
used to cure various ailments like cough, skinalies, diarrhea, asthma, bronchitis,
mental retardation, insomnia, depression, fevemdrehoids, epilepsy, kidney and
liver problems, dysentery, and hysteria.
1.2.6.5. Pharmacological usé$*®*%’

The pharmacologically active ingredients presenthi leaves, rhizomes or stems
have been studied extensively and reported to ledulusor various biological
activities, including anti-oxidant, anti-bacterianti-fungal, insecticidal, pesticidal,
anti-ulcer, anti-allergic, anti-asthmatic, cardiojgctive effects, anti-spasmodic, anti-
diarrheal, anti-diabetic, immunosuppressant, radieotive, anti-cancer,
neuroprotective, analgesic, anti-inflammatory, wgri of wounds and others.
Furthermore, the number of publications as a cheevemtive agent/s is increasing,
indicating the future interest kv calamus and its key phytoconstituents. Figure 4 and
Table 8 offer a quick overview of the anti-cancetiaties of A. calamus or its

pharmacologically active constituents.
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Figure 4: In-vivo anti-cancer activityThe ant-cancer effects oA. calamus or its pharmacologically active constitue(asarone) are explained

in terms of dosage, animal/model used, and potdatigets or effect*®16¢
1
/Suppression of tumor growth. IMI : le \
1 in the apoptotic rate. o3 a"l;i‘f(_) mf/kg/d ' : i
1 level of apoptotic proteins Pl I ‘"\ %“’ .
cleaved caspase-3 and p27). £ /A I S\
(cle < P and p f)h NP P\ \'“;“.. I Nude mice; LoVo cancer | | of the tumor volume.
| in the expression of hn S Gl_«-‘*‘ AE 1 xenograft model Apoptosis, as confirmed by
A?/Bl :':md CKD2. tl:mfor;l;:liogr?: fno A ! fragmentation of DNA in the
1 in ratio of Bcl-xS/Bel-xL. growth-inhibited tumors
Swiss Albino mice; Dalton’s A.calamus extract ‘ 50, 100 and 200
ascites induced tumor HI " a g/i{g/d l:l:v ; p-o
5 100and 200 AN it A - ok
— i Mefkaid baws; 2p. Y o Crj: CD-1 (ICR) mice; DMH (1,
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Decrea§e in the tun.mr volume: TS - ST RN
Alteration in the liver and kidney . I
anti-oxidant level. : Y ‘  ] | in the incidence and number of
| in the levels of serum liver D tumor formation.
biomarkers . A calamus/Ksarone Induction of senescence in human
________________________________________ colorectal cancer via activation of [TT 77
: lamm B1 by promotlng'the tumor
25 ng/kg/d b.w.; p.o. | protein (p53, p21) expressions.
v - | in the levels of cancer : : s 50,100 and 200
. 4 A .
5 biomarkers (DNA, RNA, and |1 i\ ""'\\‘. R
seEEia AFP) i Fam i a
Wistar albino rats; | in ’ the levels of serum liver |! BABL/c nude mice; Human
Diethylnitrosamine (DEN)- . : colorectal cancer (SW480 and
\ induced HCC biomarkers . 1 HT-29 xenograft model) /
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Abbreviations: |: decreaset: increaseb.w.: body weightp.o.: per oral routei.p.: intraperitoneal route;v.: intravenous route; hnRNP A2/B1:

heterogeneous nuclear ribonucleoproteins; CKD2ircytependent kinase-2; AFP: Alfa-fetoprotein.
Table 8: In-vitro anti-cancer activity: The anti-cancer effectsAotalamus or its pharmacologically active constituents (eraj are explained

in dosage, cell lines used, and possible moleeviants or targets.

Treatment Dose Cell lines; Cancer Potential molecular events/targets References

B-asarone | 200 and 400 | LoVo cells; Colon| | in the rate of cell viability (MTT assay). 16

M cancer. D .
H Ultra-structure changes of the LoVo cells indicgtapoptosis (Hoechst
staining).

Apoptosis (Annexin V-FITC/PI staining).

| in mitochondrial membrane potential (MMP).

1 pro-apoptotic proteins (Bax expression) agd anti-apoptotig

regulators (Bcl-2, Bcl-xL, and survivin).

| in the Bcl-2/Bax ratio and of the executer apoptosis enzyme

caspase-9 and caspase-3 cascades.

p-asarone 0,10,30and  HT29 and SW48pin cell proliferation (MTT assay). 166
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100 nM cells; Colorectal | Induces cell senescence (BAzal activity).

cancer. 1 in the levels of lamin B1, as well as p53, p21d pd5.

1€l

B-asarone | 60, 120, 240 U251 cells; Apoptosis (Annexin V/Pi staining).

and 480 uM Glioblastoma. Cell cycle arrest at the;®hase.

| in the expression of hnRNP A2/B1 in a concentratémd time-

dependent way.

The ratio of Bcl-xS/Bcl-xLT by p-asarone in both mRNA and protein

levels by the inhibition of the hnRNP A2/Bl-meditesignaling
pathway.

Promoted the activation of the death receptor prst@ RAIL and
FasL.

Cleavage of caspase 8 and caspase 3.
1 in the expression of cleaved-BID and cellular imotytochrome C.

1 in the expression of cell cycle-related protei@d pnd p27 ang an

expression of cyclin D, cyclin E, Cdc25A, and CDK2.
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167

B-asarone | 0.12 and 0.24 SGC-7901, | in the cell viability (MTT assay).
M . . -
m BGC-823 Apoptosis (Annexin V-FITC/PI staining).
and MKN-28 cells;| Ultra-structure changes of the cells indicating @psis (Hoechst
Gastric cancer. | 33342 staining).

Inhibited the migration, invasion, and adhesion @d-healing,
transwell, and matrix-cell adhesion assay).
Activates caspase-3, 8, and 9 levels.
1 pro-apoptotic proteins (Bax and Bak expressiow) aantrapoptotic
regulators (Bcl-2, Bcl-xL, and survving activity).
1 in the expression of RECK, E-cadherin, apndMMP-2, MMP-9,
MMP-14, and N-cadherin expression.

Ethanolic | 250,500 and| LNCaP cells; | | inthe cell viability (XTT assay). 168

extract ofA. 750 pg/mi Prostate cancer.

calamus

Induces apoptotic cell death? (in cleaved poly (ADRibose)
polymerase/PARP).

| in VEGF mRNA expression.
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Green silver 25, 50, 75, Hela cells; Anti-proliferative effect (% inhibition of cell pideration through 168
nanoparticles 100, 125, 150, Cervical cancer. | MTT assay).
synthesized| 175 and 200

A549 cells; Apoptotic cell death (Acridine orange/ethidium biden (AO/EB) and
from A. pg/ml

Adenocarcinoma.| annexinV-Cy3 staining and TUNEL assay).
calamus

Nuclear changes as fragmentation and condensatropiflium iodide

(PI) and 4",6-diamidino-2-phenylindole dilactateA®) staining].

Abbreviations: |: decreaset: increase; MTT assay: methyl thiazolyl tetrazoliassay; FITC: fluorescein isothiocyanate; Pl: pidaph iodide;
hnRNP A2/B1: heterogeneous nuclear ribonucleoprsteT RAIL: TNF-related apoptosis-inducing ligandask: Fas ligand; CCK-8: cell
counting kit 8; MMP-14, Matrix metalloproteinase:1@ct-1,4: octamer-binding protein-1,4; TUNEL: tenal deoxynucleotidyl transferase
dUTP nick end labeling; RECK: reversion-inducingstgine-rich protein; VEGF: vascular endothelialvgto factor.
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1.2.6.6. Toxicology ofA. calamus or asarone

Table 9 summarises the toxic assessmeAt odlamus or asarone, which was proven
safe at lower levels. A study performed in male BAt mice by Moralest al. for
fourteen days reported the median lethal dosed)L@f a-asarone to be 245.2 mg/kg
b.w.;i.p. Dyspnea, ataxia, ptosis, and piloerection wererajrthe clinical symptoms
reported in the animal€’ Liu et al. assessed the preliminary toxic profile [bf
asarone on BALB/c mice. They conducted this expeninfor 24 h and did not
exhibit any behavioral changes when administerdth-wenously at dosages 0.5,
0.75, 1, 1.25, 1.5, 1.75, and 2 g/kg b.w. Furtlaelpng-term toxicity profile with a
dosage of 10, 20, and 50 mg/kg/d was carried al@@adays. A dose-dependent toxic
profile was reported, where a decrease in the soninted blood cells (RBCs) along
with a rise in the counts of white blood cells (WGt 10 mg/kg was observed.
Moreover, at 20 mg/kg, decreased levels of serliraritl increased levels of Git 50
mg/kg was observet§®

In another study, the sub-acute toxic profileedsarone on Sprague Dawley
rats showed a decrease in body weight and foodérada dose of 100 mg/kg/d b.w.
when administered intra-peritoneally. Moreover, ithereased weight of the adrenals
and decreased weight of the thymus and heart wsoeoaserved. No such statistical
significance was observed for the other biochem&al hematological parameters
indicating the hepatotoxic potential. Further, déeotstudy in Osborne-Mendel fed
male rats for two years either with calamus oipasarone at a dose of 400, 800, or
2000 mg/kg develops leiomyosarcomas in the smad#éstme. The microscopic
investigation showed fatty infiltration, cardiacragghy, and fibrotic heart. The
administration of Jammu oil of calamus for two ye#r rats at a dose of 5000 mg/kg

develops liver and heart lesions and early moytafit
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Table 9: Toxic profile of A. calamus or asarone: The table explains the test

compound's median lethal dose @gpr°®170172
Animal The median lethal dose (L[3)
species/strain/gender
a-asarone p-asarone
Rat - 1010 mg/kg b.w.p.o.
Mice - 184 mg/kg b.wi.p.
BALB/c mice (both -- 1.56 g/kg b.w.j.v.
gender)
Swiss mice (male) >1000 mg/kg b.\.o. -
BALB/c mice (male) 245.2 mg/kg b.w.p. --

Abbreviations: b.w.: body weightp.o.: per oral routei.p.: intraperitoneal routs;v.:

intravenous route.

52



I ntroduction

1.3. JUSTIFICATION

Epidemiologic studies suggest that a strong assogizo-exists between diabetes
mellitus (DM) and hepatocellular carcinoma (HCCyn of the risk factors related
to diabetes (namely insulin, IGF-1, or inflammajidvave been broadly studied with
the progression of cancer and consider as a majar However, less attention has
been paid to how hyperglycemia promotes tumorigsriesancer, specifically HCC.
It is well-known that the liver is the fundamenta¢tabolic organ mainly involved in
maintaining the regulation of glucose metabolisng high glucose is considered one
of the main characteristics of diabetes. High ghecor hyperglycemia (HG) has been
implicated as a causal factor, and enhanced glugptske is a hallmark of cancer
cells. High glucose supply to the cancer cells favihe anabolic metabolism for
tumor growth via different cancer-related signalipgthways. However, there is
substantial information in the research literatwwa how diabetes facilitates
hepatocarcinogenesis in animals. As a result, riggarch aims to create an animal

model that can reproduce the scientific proof far diabetic-HCC condition.

Furthermore, evidence from various observationadl atinical studies
suggests that metformin HCI, a member of the bigleanlass of anti-diabetic agents,
is linked to lower cancer risk by inhibiting tumoell development. Separately, the
cytotoxic and anti-hyperglycemic effects of theorus calamus or biologically active
phytoconstituent (asarone) have been reportedoddrel-asarone are the two major
active constituents present in volatile oils of tp&nt Acorus calamus Linn.
Nevertheless, the role of asarones as cytotoxiotage diabetic conditions has yet to
be investigated. Henceforth, the study aimed tduexe the collective role ef-andf-
asarone and metformin HCI in regulating cancer ¢incon the chemically induced-

vivo model and human hepatocellular carcinoma HepQ&.cel
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This study aims to develop an animal model thatregmoduce the scientific
proof for the diabetic-HCC condition and evaluate beneficial effects of asarone
and metformin HCI in regulating tumor growth. THejexctives of the proposed study

are:

1. To investigate the role of hyperglycemia in aidiige progression of

hepatocellular carcinoma.

2. To evaluate the role of asarone and metformin HQiantrolling the progression
of hepatocellular carcinoma during hyperglycemid anderstand the underlying

molecular mechanism.
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SCHEME FOR THE STUDY

Approval of the study and Collection of materials

in-vivo study in-vitro study

v v
Study design I Study de 1 | Cytotoxicity assay |

(To investigate the role of hyperglycemia (To evaluate the role of asarone and (Cells will be cultured in media
in aiding the progression of HCC) metfornun HCI m diabetic-HCC condition) and treated with glucose)
Combined effect of Normo-and
asarone Hyperglycemic
General observation ) }fonii};ion
(throughout th‘e study period)
Anaesthesia/Euthanasia
Blood withdrawal/Liver removal
Morphometric analysis Cell cycle analysis
Diabetes-specific markers Intracellular marker
- - analysis by flow cytometry
Liver function markers AMPKal
Lipid profile Akt
Liver tumor bio-markers PCK-2
SREBP-1

'"H-NMR-based metabolomics

Oxidant-antioxidant imbalance

Histopathological assessment
(H and E; Sirius red)

Data analysis
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2. MATERIALSAND METHODS

2.1. In-vivo study

2.1.1. List of chemicals and instruments/equipment used in the study

Table 10: List of inducing agents (carcinogenic and diabetigjeused in the study.

£S

S. No. Particulars Company/M anufactur er
[1] Diethylnitrosamine (DEN) Sigma Aldrich Chemical
(Purity>99% w/w; Lot # BCBP8749V; Company, USA.
PubChem CID: 5921)
[2] Streptozotocin (STZ) extra pure Sisco-Research Laboratori
(Purity 98% w/w; Lot No: 2582459; (SRL) Pvt. Ltd., Mumbai,
PubChem CID: 29327) India.
Table 11: List of drugs (treatment) used in the study.
Sl. No. Particulars Company/M anufactur er
[1] Alpha-asarone Sigma Aldrich Chemical
(Purity 98% w/w; Lot # S18779; Company, USA.
PubChem CID: 636822)
[2] Beta-asarone Sigma Aldrich Chemical
(Purity 70% wi/w; Lot # STBF-1179V, Company, USA.
PubChem CID: 5281758)
[3] Metformin HCI Angels Pharma India Pvt.
(Lot No: METI-1710010; Ltd. Hyderabad, India.
PubChem CID: 14219)
Table 12: List of test kits used in the study.
Sl. No. Particulars Company/M anufacturer
[1] | Glucose estimation kit, liver function tgst Erba Transasia Bio-
kits, lipid profile kits, tumor biomarker Medicals Ltd., Baddi, H.P,

gamma-glutamyl transferase (GGT) test k

—

i India.
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[2]

Glycated hemoglobin (Hb#) test kit

NycoCartl" (HbA;c) test
kit.

[3]

Insulin estimation kit

Mercodia, Sweden.

[4]

Alfa-fetoprotein  (AFP)

hepatocarcinoma)

test

kit  (for LifeSpan BioSciences, USA.

Table 13: List of chemicals/solvents/reagents/feed useterstudy.

. No. Particulars Company/M anufactur er
[1] Sirius red stain/Direct red 80 Sigma Aldrich Chemical Company, USA.
(dye content 25%;
PubChem CID: 124203941)
[2] D,O (deuterium oxide) Sigma Aldrich Chemical Compdd$A.
[3] DPX (distrene dibutyl Spectrum Reagents and Chemicals P
phthalate xylene) Ltd., Cochin, India.
[4] DTNB [5,5-dithiobis (2- Himedia Laboratories, India.
nitrobenzoic acid)]
[5] Eosin Y Kemphasol, Mumbai, India.
[6] DNPH SRL Pvt. Ltd., Mumbai, India.
(2,4-dinitrophenyl hydrazine)
[7] Nicotinamide adenine Himedia Laboratories, India.
dinucleotide
[8] TSP (trimethylsilyl 2,2,3,3- | Sigma Aldrich Chemical Company, USA.
tetradeuteropropionic acid)
[9] Glutathione LobaChemie Pvt. Ltd., Mumbai, India.
[10] Nitroblue tetrazolium SRL Pvt. Ltd., Mumbai, India.
[11] Hematoxylin (Harris) Himedia Laboratories, India.
[12] Phenazine methasulphate Himedia Laboratories,.India
[13] Rat pellet (for feeding VRK Nutritional Solutions, Pune, India
purposes)
[14] | All other reagents of analytical Central store of KLECOP, Hubballi.

grade
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Table 14: List of instruments/equipment/software used ingtugly.

“_1

S. No. Particulars Company/M anufactur er

[1] | Erba Chem 7 semi-automated Erba diagnostic, Mannheim, Germany,
analyzer

[2] Electronic balance Sartorius, UK.

[3] Hot air oven Servewell Instruments Pvt Ltd. ngalore,

India.
[4] GraphPad Prism GraphPad Software Inc, USA.
[5] Image J Software (Image J Built by the National Institute of Health
2010), 1J 1.46r (NIH) of Bethesda, USA.

[6] Inverted microscope Olympus Microsystem, Japan.
(CKX41)

[7] Microcentrifuge Genei Manufacturers.

[8] Micropipettes and tips Tarsons Products Pwd. LiKolkata, India.

[9] NMR JEOL advanced ECZ400S spectromete

USA.

[10] | NMR software version delta Delta NMR software, JEOL Ltd. The USA
5.0.5.1.

[11] Rotary microtome Leica Microsystems IR GmbH.

(RM2125 RTS)
[12] | UV 1800 spectrophotometer Shimadzu, Japan.

2.1.2. Selection of laboratory animals and their housing conditions

Male albino Wistar rats measuring 150-200 g wenesiciered for the experiment.

They were kept in the central animal facility oketmstitute, where they were kept

under a natural 12 h dark: 12 h light cycle at 2°& and had direct access to regular

rat pellet and water.

2.1.3. Animal ethical consider ation

The experiment was carried out after the InstingloAnimal Ethics Committee

(IAEC) of KLE College of Pharmacy, Vidyanagar, Hallh Karnataka, India, gave
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their permission (Approval No. 07/KLEU'SCOPH/16).1l Athe experimental
procedures were conducted following the Committaettie Purpose of Control and
Supervision of Experiments on Animals (CPCSEA).

2.1.4. Handling of hepatocar cinogen (Diethylnitr osamine)

The carcinogenic material diethylnitrosamine (DEM)cured was handled carefully,
as suggested by the supplier. The DEN-containiag was taken to the fume hood,
and a diaper was placed over the work area befepesing the DEN. The required
amount of DEN was carefully transferred through yainge and used for the
experimental purpose. The DEN-containing vial wésced in a plastic bag and
stored in the freezer. Further, the contact mdteneere disposed off in the
infectious/biohazard waste, and the unused sokitwere disposed off according to
the material safety data sheet and incinerated.

2.1.5. Preparation of inducing and test agents

2.1.5.1. Preparation of streptozotocin (STZ)

The STZ was prepared freshly by dissolving it ioiteate buffer solution of 0.05 M
and maintaining the pH constant at 4.5 with 1Miciacid. The citrate buffer solution

was prepared by mixing tri-sodium citrate dihydrael citric acid of 0.05 M"

2.1.5.2. Preparation of diethylnitrosamine (DEN)

The DEN was prepared freshly by dissolving in Na@ution of 0.9 % wi

2.1.5.3. Preparation of a-and p-asarone
The asarone was freshly prepared by dissolving é 1:1 ratio in 0.5 % w/v sodium

carboxymethyl cellulos&1%*
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2.1.5.4. Preparation of metformin HCI
The metformin HCI was prepared by dissolving in evadt a concentration of 250

mg/1.5 mi*

2.1.6. Induction of diabetes and hepatocar cinoma

A pre-standardized single dose of streptozotocih (8g/2 ml/kg b.w.i.p.) was
administered to induce diabetes in 6 to 8 h fastiats. To prevent severe
hypoglycemia, the rats were given a sucrose wateitisn (10 % w/v) for one day
after receiving ST2 A single dose of diethylnitrosamine (200 mg/mi/kevbi.p.)
was administered to induce HCC in rifts.

2.1.7. Experimental study design

The acclimatized animals were divided into two ekpental study designs assigned

as | and Il either at 12-weeks and 18-weeks.

% Study design | (Figure 5) The effect of STZ-induced hyperglycemia on the
development of DEN-induced HCC were examined forwiks in this study
design. As seen in Table 15, the rats in this expart were randomly divided into
four groups, each with eight animals (n=8). Theobdlserum was obtained
following mild ether anesthesia, and tissue samplese collected after the

animals were humanely sacrificed to evaluate diffeparameters.

Table 15: Experimental study design | for a duration of 12=ke

Groupings Treatment

I Normal control (NC) group and received 0.9% w/a@ (1 ml/kg
b.w.i.p.).

Il The diabetogenic (STZ) group was administereth i single dose

of streptozotocin (Section 2.1.5.1 and 2.1.6).

1] The hepatocellular carcinoma (DEN) group wasnadstered with
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a single dose of diethylnitrosamine (Sectic1.52 and 2.1.).

v The dabetichepatocellular carcinoma (STZ+DENgroup was
administere with a single doseof STZ followed by DEN twc

weeks later after confirming the elevated glucesels

e A 1 T
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Hislsl)
- A
v |
-
TIT Y TYE TS
1Ll \\UJ_.J.")
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™SO T 7 LTYENY
LY (D LATLALIN)
A
¥: Saline. i.p. V: Streptozotocin (STZ). i.p
T L T I % S o
il Disthvinitrozamine FNY. i & : Time noint of sacrifice
4 AHethyinitrosamine (DEN) 1D 3 I

Figure 5 (Study design : The diabetes mellitus was confirmadthe second week
after the administration of the streptozotocin (§TEhe diethylnitrosamine (DEN
was administered two weeks later to the administnadf STZ to induce the HCC
diabetic rats. The total duration of the study ¥eaghe period of 1-weeks

+ Study design |l (Figure 6): The combination ofi-and -asaroneanc metformin
HCI was examinedeparatelfon STZ+DEN rats for 18 weelgerioc in this study
design.As seen in Table6, the rats in this experiment wesndomly divide: into
five groups, each with eight animals (n=(The blood/serum wasobtained
following mild ether anesthesia, and tissue samplese collected after tt

animals were humanely sacrificto evaluate different parameters.
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Table 16: Experimental study design |l for a duration o-weeks

Groupings

Treatment

&l

Similar to the study design 1.

Served as iabetichepatocellular carcinoma (STZ+DENgroup

and was similar to group IV of study desig

v

Served as a treatment group that was administereith &
combination dose af-andfp-asarone. The asarone (@§/1.5 mi/kg
b.w., p.0.) prepared in 0.5% w/v sodium carboxymethyl cele
were given in the ratio of 1:1 for five days perekeafter twc

weeksof STZ+DEN injectiong?1%4

Similar to group 1V except that the freshly preparedtformin HCI
(250 mg/1.5 mi/kg b.w.) replaced the asarc®*

11l (STZ+DEN)

I'v [STZ+DEN+ 1

(e)-mEd (B)-asarone] S
A% (SIZ-!—J_}J:'N-!—
Merformin HCD

—
[#=]

—]

gl ———

=]

A

]

¥Y: saline. 7p. V: Streptozotocin (STZ). 7.p.

{l: Diethylitrosamine (DEN). ip. [ES: (o)-and (B)-asarone. p.o.

[-]: Metformin HCL. p.o. A: Time point cf sacrifice

Figure 6 (Study design I: The STZ and DEN were injected the same way asuuty:

design I. For 18 weeks$he asarone and metformin were used ieament to sidy

their effect on the diabe-HCC condition.
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2.1.8. Callection of blood, serum and liver specimens

Blood was drawn via retro-orbital sampling techmido a collection tube without any
anticoagulant. The serum sample taken after twksve&s used to assess if STZ had
caused hyperglycemia. All other biochemical tesesendetermined using the blood
obtained at the end of the experiment. For meaguglycosylated hemoglobin
(HbA;c), a portion of the blood was kept in EDTA tub&sother portion of the blood
was kept at room temperature for 30 minutes belfi@iag taken for centrifugation
(2500 rpm; 10 min) to collect the serum for anaysif different parameters.
Following that, the rats were sacrificed, and &ssamples were collected, washed
from the blood, cleaned in ice-cold normal saliokison, and measured. One portion
of the liver was mixed with a 0.15 M Tris-HCI buffef pH 7.4 to make a
homogenate (10% w/v), taken for centrifugation 4t 410,000xg; 10 min) for anti-
oxidant activity. Another portion was preservedfanmalin solution (10% v/v) and

processed to study histopathological featuresefitter with different stains.

2.1.9. Assessment of parameters

2.1.9.1. General observation

The daily food and water intake, and weekly bodygivevariations, were noted. The
change in weight and consumption of food and whé&tween weeks was calculated
by subtracting the average weight of week O from shbsequent weeks. The results
were measured as comparative food and water ingakeveek for 100 g of the rat.
The liver weight of each rat in each group was messat the end of the experiment,
and the relative liver weight (g %) was determibgdlividing the liver weight by the

bodyweight of each rat.
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2.1.9.2. Study of liver morphology (nodule incidence, multiplicity and size)

The liver specimens were examined for apparent lesdor tumors and graded into
three types: less than 1, 1 to 3 and more than 3 W number of the tumors-
bearing liver (nodule incidence) and the total efotumors/nodule incidence (nodule

multiplicity) were noted in all tumor-bearing graig®

2.1.9.3. Measurement of biochemical parameters

The fasting glucose level in serum for all the ekpental groups was measured by
Trinder's method (glucose oxidation-peroxida&&)sing Erba kit, liver dysfunction
markers [such as alkaline phosphatase (A'Rjspartate aminotransferase (AS?),
and alanine aminotransferase (ALtf)was estimated by kinetic method, total and
direct bilirubin (TB and DB) by Diazo methd® total protein (TP) by biuret
method® and albumin (ALB) by Bromo cresol green mettfédsing Erba kit], lipid
profile levels [triglycerides (TG) was estimated llycerol-3-phosphate oxidase
(GPO)-Trinder methodf® total cholesterol (TC) was determined by cholestero
oxidase-glycerol-3-phosphate oxidase enzymatic (OHR@\P) methof* using Erba
kit, high-density lipoprotein cholesterol (HDL-c)aw estimated by polyethylene
glycol methyl ether and polyvinylsulfonic acid (PE&-PVS) coupled precipitation
method®® using Erba kit by Erba Chem 7 semi-automated aealfgrba diagnostic,
Mannheim, Germany). Friedewald's method was useguémtify the low and very-

low-density lipoprotein cholesterol (LDL-c/VLDL-CJ? It was estimated as:
LDL = TC — (HDL + VLDL)
VLDL = TG/5

Further, the tumor biomarker gamma-glutamyl traresfe (GGT) was

determined by the kinetic colorimetric methSdising the Erba kit with the help of
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Erba Chem 7 semi-automated analyzer (Erba diagnddannheim, Germany). The
HbA:c level was measured with a NycoCatdHbAc) reagent kit and examined in a
NycoCard™ scanner as per the manufacturer's protocol. Theany's instructions
were followed to determine the quantitative assessraf the liver tumor bio-marker
AFP8 and serum insulffi® using the enzyme-linked immunosorbent assay (ELISA

methodology.

2.1.9.4. Serum metabolites by *H-NMR spectroscopy and acquisition of spectra

The 'H-NMR spectroscopy technique was employed to cheriae and quantify the
changes in the serum metabolites for all the sasngistudy design Il. For analysis, a
JEOL advancedH-NMR spectrometer (ECZ400S) operating at 400 MHatqn
frequency and a 5 mm TH5 direct broadband probe ugas for the study. Briefly,
for the study, 300ul of serum sample was mixed &l of deuterium oxide (ED)

in a co-axial sealed capillary NMR tube (5-mm; dlead dried). On the other hand,
trimethyl silyl-propanoic acid (TSP; 30ul) contaigisalts of sodium ions was mixed
with DO in a recyclable NMR tube before running the sashples. The TSP used in
the study acts as an external standard and a chlesfidt reference to measure the
metabolites, while the fD acts as a filed-frequency lock. All the acquiteNMR
spectra were carried out through water suppressi@nl1-D Carr Purcell-Meiboom-
Gill (CPMG) pulse order as it helped remove broatas from the macromolecules,

protein, or lipids.

% Typical parametersand softwar e used for obtaining the '"H-NM R spectra:

Spectral width 15 ppm
Number of scans . 256
Dummy scans 4
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Domain data points : 16-times

Relaxation delay . 5s

Receiver gain value : 60

Pulse angle 190

Tau interval :0.172ms

Software : NMR delta version 5.0.5.1. [It was used the

baseline and phase correction and for obtainingtbe

under the curve (AUC) value].
This technique identified and characterised thellsmatabolites such as pyruvate,
lactate, creatine, acetate, valine, alanine, antagiine. The'H-NMR spectroscopy
technique was carried out by utilizing the instrumnéacilities of the University
Scientific and Instruments Center (USIC), Karndthdversity, Dharwad, Karnataka,

India, for recording the spectra.
% Metabolomic processing of the data

The concentration of the detected metabolites stmated over the processed data
by utilizing the integral values (AUC) of definigggnals for a known concentration of

the TSP. The following formula was used for thénestion of the metabolite:
Cmetabolite(mmol) = (Ax X Mx X Nr X Wr/Ar X Mr x Nx X V) x 1000

Where, Ax denotes the integral area of the metaboli
Mx signifies the molecular weight of metabolite.
Nr signifies the number of protons of TSP (stantad at 0.0 ppm for
assignment of the metabolites).
Wr denotes the weight of TSP taken in the NMR tube.
Ar signifies an integral area of TSP.
Mr signifies the molecular weight of TSP, and

Nx represents the number of protons of the metgoli
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+ Functional significance of the analyzed metabolites associated with the
metabolic pathways

The changes related the identified metabolites in study design Il betwethe

different experimental groups were linked with theetabonomic databasThe

functional significance of the identified metabeditconcerning its pathway dur the

disease progression was determined usir following databases:

1. The HMDB Human Metabolome Databahttps://hmdb.ca/metabolit) and

2. The KEGG (Kyoto Encyclopedia of Genes and Genon

https://www.genome.jp/kega/pathway.h).

2.1.9.5. Anti-oxidant activity

Quantitative assessment of super oxide dismutase (SOD):

190
[ a

The SOD levels were measured utilizing the procedofr Kakka et al S

explained vith the help of a flow che (Figure 7).

0.1 ml of tissue homogenate

Sodium pyrophosphate buffer (1.2 ml of 0.052 M; pH 8.3)
Phenazine methasulphate (PMS; 0.1 ml of 186 M)
Nitro blue tetrazolium (NBT; 0.3 ml of 300 M)

Diluted
with

Tissue homogenate solution

Incubated for 90
sec at 30°C

[Nicotinamide adenine dinucleotide (NADH; 0.2 ml of 750 pM) ]

Enzymatic tissue mixture

Glacial acetic acid (0.1 ml) was
added to stop the reaction [Addition of n-butanol (4 ml); centrifuged for separation. ]

Butanol layer separated

Spectrophotometrically measured at 560 nm
against butanol blank.

Color intensity was measured

One unit of activity equals the enzyme reaction that gave 50%
inhibition of nitro-blue tetrazolium (NBT) reduction in 1 minute.

Figure 7: Flow chart for the quantitative assessment of saypée dismutase (SOL
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Quantitative assessment of catalase (CAT):

The CATlevels were measured utilizing the procedureSinha AK*! as explained

with the help of a flow che (Figure 8).

0.1 ml of tissue homogenate

Diluted ||| Phosphate buffer (1.0 ml of 0.01 M; pH 7.0)
with Hydrogen peroxide (H,O,; 0.4 ml of 0.2 M)

v

Tissue homogenate solution

Reaction mixturg N Dichromate-acetic acid reagent (2 ml of 5% potassium
stopped by the addition of dichromate and acetic acid in the ratio of 1:3).

v

Color intensity was measured

[Spectrophotometrically measured at 620 nm]

against blank.

A\ 2

( Expressed as umoles of H,O, utilized in 1 minute. j

Figure 8: Flow chart for the quantitative assessmercatalase (CA1.
Quantitative assessment of lipid peroxidation (L PO):
The LPOlevels were measured utilizing the procedurNiehauset al., Jianget al.,

and Ohkawat al.***%*as explainewith the help of a flow cha(Figure 9.

T T P R o | P
A, j il Ui uoou» llUlLl\.’S\/llul—\v
e . s s . S— . ™
Diluted [ Trichloroacetic acid-thiobarbituric acid-
with u_yu1 ochloric acid leagent [ TCA-TBA- HCI 2 mlof
l\ 15% w/v TCA, 0.375% w/v TBA and 0.25 N HCI)

L 4

Tissue homogenate solution

Placed for 15 minutes boiling, cooled and then
centrifuged at room temperature (10 min at 1000 rpm).

¥

Absorbance was measured

Spectrophotometrically measured at 535 nm
against a reference blank.

¥

( Expressed as umoles of malondialdehvde \

Figure 9: Flow chart for the quantitative assessment of Iggdoxidation (LPO
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Quantitative assessment of glutathione per oxidase (GPx):

The GPx levels werevaluate utilizing the method of Rotruckt al.*® as explained

with the help of a flow che (Figure 10).

\ AN

Solution was assaved f

dithiobisnitrobenzoic acid (DTNB solution |
\__ prepared in 0.1% sodium citrate solution).

( Expressed as umoles of glutathione ( GSHﬂ
% oxidized in | minute. )

Figure 10: Flow chart for the quantitative assessmerglutathione peroxidas

(GPx).
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Quantitative assessment of reduced glutathione (GSH):

L196

The GSHlevels were measured utilizing the procedurEllman G as explained

with the help of a flow che (Figure 11).

)

Figure 11: Flow chart for the quantitative assessmerreduced glutathione (GS.

Quantitative assessment of Vitamin-C:
The Vitamin Clevels were measured utilizing the procedureOmaye et al.**’ as

explained \vith the help of a flow che (Figure 12).

0.5 ml of tissue homogenate

Diluted ||| Trichloroacetic acid (1.5 ml of 6% TCA)
with and centrifuged (10 min at 1000 rpm).

v

Supernatant separated (0.5 ml) was treated with

2,4-dinitrophenylhydrazine reagent (0.5 ml of DNPH)
and allowed to stand for an additional 3 h at RT.

Sulphuric acid (85% H,SOy,; 2.5 ml) was added; kept for 30 min.

Spectrophotometrically absorbance was
measured at 530 nm against blank.

r

[ Expressed as mg/g of wet tissue. ]

Figure 12: Flow chart for the quantitative assessment of Vite@
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2.1.9.6. Liver histopathology (H and E; Siriusred)

The formalin-fixed liver tissues were dehydrated pgssing them through an
increasing concentration of isopropyl alcohol (fr@ to 100%; to avoid excessive
distortion of the tissues), followed by acetone ahehring agent (xylene) for de-
alcoholization and were finally submerged in pamaffA microtome was used to
obtain 5um thick paraffin-embedded portions of the liver,iethwere stained. The
histopathological changes in the liver sectionseweetamined using Hematoxylin and

Eosin (H and E) and Sirius red or Direct red 80sf@ining.

Hematoxylin (H) stains the nucleus or the negayivefarged structures like
DNA, eliciting a blue-purplish color. Whereas, Ho$E) imparts a pink-orange color
by staining the cytoplasm. Sirius red is one of Hest staining techniques for
assessing hepatic fibrosis. It is obligatory toomporate two dyes to obtain
contrasting colors for staining the cellular stares. The Sirius red staining
procedure was similar to the H and E staining, pktee freshly prepared Sirius red,
replaced the Eosin Y. Briefly, the rehydrated liaaction slides (rehydrated with
decreasing concentration of ethanol from 100 to )r@&e treated with Hematoxylin
(Harris) for three minutes, followed by water-wafsh three minutes. Further, the
cytoplasm was cleared off from the hematoxylin bgshing with 1% acid alcohol
solution for two seconds, following water-wash fbree minutes. The liver section
slides were then treated with Eosin Y for 30 sespridllowed by water-wash for
three minutes. The Sirius red stain (prepareddtustd aqueous picric acid solution)
was used instead of the Eosin Y. Finally, it wakydieated (95% ethanol) and passed
through a clearing agent (xylene) for one minuted anounted in distrene dibutyl

phthalate xylene (DPX) medium for observations. Tptetomicrographs were
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captured from the stained slides with the help ahiaroscope (CKX41, Olympus

Microsystem, Japan).

2.1.9.7. Siriusred positive area calculation

Image J software was used to calculate the reldpatic fibrosis area. A definite
area (190x19Qm?) of six identical squares was measured from easemwation and
expressed as % Sirius red +ve area. Further, shdtsg% of Sirius red positive area)
were copied to the GraphPad Prism software foresyipent analysis and represented

as mean + SEM for each observation.
The following sequence was adopted for the captBigds red-stained images:

1. A Sirius red-stained image was opened using theurfde > Open tool, and the

scale was converted to pixels (Figure 13).

£ Imagel = X
Edit Image Process Analyze Plugins Window Help
New 'LA‘Q‘ {'7|;| C)\De: ,{/JQ 7| |>
'ghl click to switch)
Open Next Ctri+Shift+O ‘ [
‘ Open Samples ' |
Open Recent 4 ‘
Import L
Show Folder 4 |
Close Ctri+W
Close All Ctrl+Shift+W
Save Ctri+S .
Save As 4
Revert Ctrl+Shift+R
Page Setup
Print Ctri+P .
Quit
l 15 pm
v O—

Figure 13: A Sirius red-stained image used for calculatingpgbecentage (%)

Sirius red positive area.
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2. The conversion of the scale to um was done uaiayze > Set Scale tool. The

conversion ratio of 0.8 pixels/um was used fottal captured images (Figure 14).

ﬂe Edit Image Process Analyze Plugins Window Help
B o/c|o] 4[N |Ala|o|0] ol 4]e
x=227, y=44, value=227,197,159 (#e3c59f)

528x397 pixels; RGB; 818K
23-07-2018

e

| |»

L

¢ SetScale X

Distance in pixels:

Known distance:

Pixel aspect ratio:

11

Unit of length m

.
Click to Remove Scale

Scale: 0.8 pixels/ym

oK Cancel | Help

Figure 14: The scale of measurement was changed from pixelst (clicking

global).
3. The stained image was then converted to graysgativirling the photo into red,
green, and blue channels with theage > Type > 8-bit stack order. The image

was stacked in grayscale for measuring the thrddbeel (Figure 15).
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Figure 15: The conversion of the stained Sirius red imaggrayscale.
4. The grayscale image was adjusted for threshold fieenMenu bar using the
Image > Adjust > Threshold tool. The threshold level was adjusted manually

using the upper and lower limit of the ‘Threshaddlt (Figure 16).

_élma_eJ = X
'Fieldih\agemmmemiswmuep

B ola|o|~|4ls|Alalo) Qles]s]s] | |»
|

iﬁ'
4 14.0Cjpg @) - O R
£60.00x496.25 m (5268x397); B-bit, 205K

e [l 2fima
1 4 i —
[ R ]

I™ Dark background I~ Stack histogram
[ Dontreset range

| | ] s

Figure 16: The threshold tool was used for reflecting theuaate staining.
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5. Further, selecting the parameters to quantify f@maaand % area was used by

selecting théAnalyze > Set Measurements dialog box (Figure 17).

File Edt Image Process Analyze Plugins Window Help

— | | | == |
B olc|o|~4xAlala] ale 4| s | |»
x=307.50 (246), y=102.50 (62), value=0 S
F ¢ Set Measurements X
I 660.00x496.25 pm (528x387); 8-bit (inverting LUT); 205K W Area I Mean grayvalue
il ¥ o ®. a2 ° zi33 =
Lo VRS 4% [ Standard deviation [~ Modal grayvalue

‘_\‘. [~ Min & max grayvalue [~ Centroid

+ I Center of mass I~ Perimeter

d ,"' [~ Boundingrectangle [ Fitellipse

W [~ Shape descriptors [~ Ferefs diameter
4, [ Integrated density [~ Median

[ Skewness I™ Kurtosis

[v Area fraction [~ Stack position

¢ =+ W Limittothreshold ¥ Display iabel

[™ Invert Y coordinates [~ Scientific notation

[~ Addto overlay ™ NaN empty cells

Redirectto: |None j
| Decimal places (0-9) |3

OK | Cancel ﬂ,
u

Figure 17: The selection of parameters to quantify the areh %narea. The
following settings were clicked as Area, Area fract Limit to the threshold, and

Display label to measure the percentage of thetselestained area.

6. A square of 190x19(um? was drawn using the rectangle selection method in
Image J software. These specific dimensions werendion the stained grayscale
image to measure the threshold within six identgiaéd areas to quantify the
area. After drawing the square, thealyze > Measure command was selected to

display the area and % area in tResults window (Figure 18).
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£ Image) = *

File Edt Image Process [ENENEad Plugins Window Help

Bolclo~«4)x I /| 2|~

Text tool (double-click to configurel  Analyze Particles.

~

N Summarize
660.00x496 S7). % Distribution

| Label

| Clear Results

Set Measurements

4 Set Scale

4 Calibrate

Histogram Ctri+H [

Plot Profile Cul+K |
Surface Plot

| Gels *

QN
‘i« File Edit Font Results
2 [Label |Area [%aArea [MinThr [MaxThr | a
: 14.DCjpg 4293750 11894 255 255
-

Figure 18: The squares of the definite area were measured &ach staine

image. The red arrowhead indicates the % arealasitou for one squar

Finally, the area of six identical squares was megb These results were cop
to the GraphPadPrism woftware for subsequent analysis aexpressed as tf

mean + SEMFigure 19.

I;lre Edit ]mage Process Analyze Plugins Windqw Help .
B olc|o|« N Ala o) Qleds]e]s] | |»

660.00x496.25 um (528x397); 8-bit (inverting LUT),
PRt e Sek Y A
- ¥ > B i S

«“s» ! File Edit Font Results
or” : |Label |area |s6Area ||MinThr [MaxThr |
27U 1 14.0Cjpg 4293750 | 11894 ) 285 255

.2 14.DCjpg 11179688| 30969 | 255 255
“!3 14.DCJpg 3170312 | 8782 | 255 255
4 14.DCjpg 3965625 | 10985]| 255 255
. *5 14.DCjpg 9132812 | 25299] 265 255
.. 6 14.DCjpg 9025000 | 25.000| 265 255

Figure 19: The red box represents the % area of six idensqalares in th

stained Sirius red slic
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2.1.9.8. Scoring of hepatic fibrosis, inflammation and hepatocyte ballooning
The scoring/stages of liver fibrosis were gradedd-E3 based on the staining of the

Sirius red, as explained in the Table 17.

Table 17: Scoring/stages of liver fibrosis.

F1 | Fibrosis spreading over few portal areas witlsepta.

F2 | Most portal areas have severe fibrosis expansiith a frequent portal

to portal (P—P) bridging.

F3 | Fibrosis expansion in nearly all portal regiowith a portal to portal

(P-P) and portal to central (P—C) bridging.

In addition, the number of inflammatory foci fouirdthe H and E-stained slides was

ranked from O to 3 as explained in the Table 18.

Table 18: Scoring of inflammatory foci.

Score 0| Normal,< 0.5 foci
Score 1| Slight, 0.5-1.0 foci
Score 2| Moderate, 1.0-2.0 foci
Score 3| Severe> 2.0 foci

Finally, hepatocyte ballooning was also graded aeade of 0 to 2 depending on the
number of balloon cells observed in H and E-staslates, as explained in the Table
19.

Table 19: Scoring of hepatocyte ballooning.

Score 0| No balloon cells.

Score 1| Scattered balloon cells.

Score 2| Panacinar balloon cell

4
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2.1.10. Data analysis

The data for various parameters was statisticallicutated using the software
program version 6.0 ofGraphPad Prism" and represented as mean + SEM. The
student's t-test or 1-way ANOVA following Bonferiomultiple as a post hoc
statistical tool was used to determine the statik8ignificance, considerirg< 0.05

as the limit of the significance.

78



Materials and Methods

2.2. In-vitro study

2.2.1. List of chemicals and instruments/equipment used in the study

Table 20: List of chemicals/cell line/antibodies used in gtedy.

Sl. No.

Particulars

Company/M anufactur er

[1]

Phosphate-buffered saline without calcium

and magnesium (CMF-PBS),

EDTA digestion solution 1X, Dulbeccg's HiMedia Laboratories

modified eagle's medium (DMEM

Methyl thiazolyl tetrazolium (MTT), Heat

inactivated fetal bovine serum (FBS)

Trypsin-

,Pvt. Ltd., Mumbai, India.

[2]

Dimethyl sulfoxide (DMSO)

Sigma-Aldrich Chemica
Company, USA.

A

[3]

HepG2 Human hepatocellular carcinoma American Type Culture

cells (ATCC® HB-8065™)

Collection (ATCC), USA.

[4]

Streptomycin (10@g/ml) and Penicillin
(200 U/ml)

Sigma-Aldrich Chemical
Company, USA.

[5]

Polyclonal FITC (Fluorescein

isothiocyanate) goat anti-rabbit secondaryBD Biosciences, USA.

antibody 1gG
(Catalog No. 554020)

[6]

Primary rabbit polyclonal IgG antibody
Akt: Catalog No. orb159889
AMPK ol: Catalog no. orb10076
PCK-2: Catalog no. orb5876
SREBP-1: Catalog no. orb11415

Biorbyt Ltd., Cambridge,
UK.

[7]

Propidium iodide (Pl)-RNase staining
solution
(Catalog No. 550825)

BD Biosciences, USA.
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Table 21: List of instruments/equipment/software used ingtugy.

Sl. No. Particulars Company/M anufacturer
[1] CQ; incubator Labwit ScientificPty Ltd.,
Australia
[2] Cytomics FC500 flow cytomett Beckman€Coulter, USA

equipped with CXP softwa (FlowJo

softwareversion 10.0.7.)

[3] Microplate reade Biobase® EL10A, Ching

[4] Inverted microscope (CKX4 Olympus Microsystem, Jap:

2.2.2. Cdll culture conditions

The human HepGRgarcinomacell line used for the study was cultul according to
the standard protocol of the supf, as explained with the help of a flow diagi
(Figure 20).

Cryopreserved HepG2 cells
were initially cultured in a T-75 flask (75 cm?)

Dulbecco’s modified eagle's
medium (DMEM) supplied with
10% fetal bovine serum (FBS).

Cells were gently
pipetted in

Incubated for 36 h at 37°C in the presence of 5% CO,

HepG2 flask with 80 to 90%
confluency was sub-cultured in
DMEM under two conditions.

10% FBS; Pen-strep solution
and incubated at 37°C.

Normal glucose High glucose
(normoglycemia; 5.5 mM) (hyperglycemia; 25 mM)

Figure 20: Protocol for the culture of HepG2 caroma cell line. Perstrep solution

100 U/ml Penicilli- 100pg/ml Streptomycin solution.
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2.2.3. Cdll count (Trypan blue dye method)

The HepG2 cells were counted to monitor growthsrdtieiring the experiment) or for
further sub-culture or cryopreservation at a knamencentration. For calculating the
viable cells, the trypan blue dye method was adbptsing the Neubauer
hemocytometer. The viable unstained cells can lbted through this method as it
doesn’t uptake the trypan blue dye, appearing ddeight in color. Briefly, 2@l of
HepG2 cells was gently combined to trypan blueu(20.4% v/v) in a 1:1 ratio.
Further, from the trypan blue-treated cell suspEmsnixture, 2Ql of the sample was
carefully withdrawn and loaded to the clean hemmtwter. The cell suspension was
gently applied underneath a coverslip, thus allgwtrto be drawn through capillary
action and viewed under a microscope (x20) forviable cell count (in the four sets
of 16 squares). The number of viable cells/ml walswdated by taking the average
cell count from each set of 16 squares. Furthewai$ multiplied by a conversion
factor of 10,000 (x1%) and a dilution correction factor (for the trypalue dye) for

deriving the final viable cells/ml in the cell session.
Number of viable cells/ml = Average cell count X 10,000 X dilution factor
Average cell count = Cell count for (S1 + S2 + S3 + S4)
Here, S1-4: Sets of 16 corner squares from 1 to 4.

2.2.4. Cytotoxicity by methyl thiazolyl tetrazolium (MTT) assay

A colorimetric-based MTT assay was used to pretfiet cytotoxicity of metformin
HCI, a-asarone, angi-asarone on the HepG2 cell liti€ Briefly, the HepG2 cells
were grown at a concentration of 10,000 cells/v200ul) in a 96-well microtiter
plate (flat-bottom received from NuHt Microwel™, Thermo Fisher Scientific Inc.,

USA) and permitted to adhere in a £i@cubator (37C; 5% CQ and 95% humidity
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for 24 h). Before the experiment, the cell counswarified by the trypan blue dye
method Eection 2.2.3.). After the completion of 24 h of incubation, timedium was
replaced with 20@ of fresh DMEM and treated with different concexttons of the
test compoundsafand B-asarone; 0.12 to 1.92 mM and metformin HCI; 1.@2%06
mM). At the same time, cells containing only cuitunedium and devoid of any
treatment served as a control for this experimeEmese cells were further incubated at
37°C for 48 h. After incubation, the drug-treated mediwas replaced with MTT
solution (20Ql; prepared at a strength of 0.5 mg/ml in phospbatér solution) and
kept for another three hours incubation alf@7Finally, the medium was aspirated.
The formazan-formed crystals were mixed with dingegulfoxide (DMSO; 104l)
per well and the intensity of the purple color (doesolubilization of the formazan
crystals) was recorded at 570 nm using a microptateler. The corresponding

equation was used to calculate the % of growthbitibn or cell viability:

% Cell viability = Absorbance of treated cells % 100
o Letl vlabtiity = Absorbance of untreated cells

Finally, the 1Go (inhibitory concentration-50) result for HepG2 Iselvas calculated
using the dose-response curve. The i€ the concentration of the test substances

(asarone and metformin) needed to inhibit cell gholy 50%.

2.2.5. Cdll proliferation assay and mor phological observations

HepG2 cells were seeded at a concentration of @/well in a microtiter plate of 96-
well and permitted to adhere in a £€fdcubator (39C; 5% CQ and 95% humidity
for 24 h). The very next day, the HepG2 cells waeprived of glucose and serum for
two hours. Subsequently, the cells were grown éoraplete medium containing FBS

(10%) for 48 and 96 hours under two glucose corakti
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1. Normoglycemic (NG; 5.5 mM) and
2. Hyperglycemic (HG; 25 mM).

Further, the changes in the percentage of celiferation were assessed by the MTT
test Gection 2.2.4) and represented as mean +* SEM in bar graphs. The
morphological changes of the cell were observedh it inverted microscope after

being cultured for 48 and 96 h under different gheconcentrations.

2.2.6. Experimental study design and treatment

Based on the I§ values of the test compounds (asarone and metiprdarived
through the colorimetric-based MTT ass8&gcfion 2.2.4.), the concentration selected
for the further study was one-half of thesdCTherefore, the HepG2 cells were

categorized into four groups, as tabulated in TaBle

Table 22: Experimental study design for thevitro study.

Groupings Treatment

Normoglycemic (NG) | The HepG2 cells were cultured5id mM of normal

glucose.

Hyperglycemic (HG) | The HepG2 cells were cultured 268 mM of high

glucose.

HG+Asarone ¢+f) The HepG2 cells were treated with a combinatiosed
of 0.61 mM ofa-asarone and 0.73 mM @fasarone i
HG condition.

HG+Metformin The HepG2 cells were treated with I2.8:\M of

metformin HCI in HG conditions.

2.2.7. Cdl cycle analysis
An FC500 flow cytometer equipped with CXP softwaras used to investigate and
collect data for the various stages of the cellley®s stated elsewhere, the

percentage of ethanol-fixed HepG2 cells stainech vatopidium iodide (Pl)-dye

83



Materials and Methods

method was determinéd’ Briefly, HepG2 cells were seeded at a concentraifds x
10° cells/well in a 6-well plate, permitted to adhered incubated (3T; 5% CQ and
95% humidity for 24 h). The medium was removed raftempletion of 24 h of
incubation, substituted with a complete growth medicontaining a supplement of
FBS (10%), and cultured under different conditiémsthe next 16 hSection 2.2.6.;
Table 22). Thereafter, the trypsinized cells (0.baitrypsin-EDTA solution 1X)
were washed with DPBS; 1X and immobilized with lgdlethanol (100@ of 70% at
4°C). The cells were rinsed in DPBS solution after rAthutes of fixation and
suspended in 4Q0 of staining solution (PI-RNase) for 30 minutes time dark.
Further, the ethanol-fixed PI-RNase-stained ceksenharvested for analysis. The
mixed samples were examined using the cytomics B@®B@v cytometer to collect
the data. Data were evaluated using the FlowJd0vad@oftware, and the histograms

and plots depicted the proportion of cells for @as stages of the cell cycle.

2.2.8. Intracellular markersevaluation of AMPK al, Akt, PCK-2, and SREBP-1
The intracellular related markers AMBK, Akt, PCK-2, and SREBP-1, were
analyzed quantitatively by a flow cytometer. BryefHepG2 cells were seeded at a
concentration of 3 x P(cells/2 ml in a 6-well plate and permitted to staya CQ
incubator (37C; 5% CQ and 95% humidity for 24 h). After the completici?d h of
incubation, the medium was discarded and washel phibsphate-buffered saline
solution (1X PBS; 100d) and cultured under different conditions for 243action
2.2.6.; Table 22). At the same time, cells containingyandlture medium and devoid
of any treatment served as a control for this drpemt. Thereafter, the medium
containing the test compounds or control was temsfl to a centrifuge tube (5 ml),
and the wells were washed with PBS solution (500he PBS was further aspirated

from the wells and shifted to the same centrifugeet The plate containing the drug-
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treated cells was treated with trypsin-EDTA solnti@0Qul) and incubated at 3¢
for 4 minutes. Then the incubated cells were finablllected into the same tube from
the wells, centrifuged at 36 (at 300 x g; 5 min), and the cell-free supernateas
drained away. Thereafter, cells were treated wahaformaldehyde solution (PFA;
50Qul of 2%) and incubated (20 min at RT). After 20 otes of incubation, the PFA
solution was diluted with PBS solution (1Q0) centrifuged at 2% (300 x g; 5
min), and drained off the supernatant. Further, pledlet-containing cells were
permeabilized by adding Triton X-100 (50®f 0.1%) and incubated (10 min at RT).
Thereafter, bovine serum albumin solution (BSA; @00of 0.5%) was added and
mixed well for the settlement of the cells, cenigiéd at 2%C (200 x g; 5 min) and
drained off the supernatant. Further, the primargbady (Table 23) was prepared
and mixed with the addition of BSA in PBS solutiand incubated (1 h at 45).
Following incubation, the cells were washed withABSolution, resuspended with
BSA in PBS solution (500), and a secondary antibody was added (Table 23).
Finally, the cells were incubated (1 h aP@5n a darkroom), centrifuged, decanted
carefully, and mixed well with BSA solution (500 and analyzed with the help of a

flow cytometer.

Table 23: List of the primary and secondary antibodies dmail tpreparation process.

Antibody Preparation
AMPKal, Akt, PCK-2, and SREBP-16ul of the primary antibody mixed with
(Primary antibody) 0.5% BSA solution in 1X PBS (not
exceeding the final volume of more than
100u).

Polyclonal FITC goat anti-rabbit 1gG6ul of secondary antibody added to each
(Secondary antibody) flow cytometer tube.
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Table 24: Typical conditions and software used for the flotometer.

Phosphate-buffered saline solution  PBS solutiobXof

Paraformaldehyde solution

PFA solution of 2%.

Bovine serum albumin solution

BSA solution of 0.5%.

Triton X-100

0.1%.

Primary antibody

Primary rabbit polyclonal 1gG datdly.

I9G (AMPKal, Akt, PCK-2 and SREBP-1).

Secondary antibody

Polyclonal FITC goat anti-ralip.

Instrument

Cytomics FC500 flow cytometer.

Analysis software

FlowJo v10.0.7.

Data measurement approach

Geometric mean fluorescemtensity|
(GMFI) and peak.

Data processing:

Principle of gating: The FITC (Fluorescein isothiocyanate) stainedscefre first

gated for singlets for each observation through @P software. The data

acquisition for the flow cytometer was carried dw selecting the following

parameters viz., area, height, or width for theveod or side scatter. Finally, gating

or regions (Figure 21) was achieved through dravbogndaries around the cell

population of interest to characterize and quarnki®/number of cells for each marker

observation.
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Figure 21: Flow cytometry gating da (The boundary represented in red was se

the populations of interest around the cells ufieggeometry gate
Flow cytometric peak/histograms: After setting the principle of gatinaround the
population of interest, the data was acquiby separatingthe cells into the
percentage of positive and negative c(Figure 23 for each marker analys The
obtained data was estimatethrough FlowJo v10.0.7 softwar@nd th( peak or
histogram events denotiee %of cells. Further, the results were expresseGMFI

of FITC.

Note: The greater the magnitude of GMFI of the cells @®pulation, the greater tl

expressn of particular markers (AMPK1, Akt, P(-2, and SREBP-1).
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Figure 22: Flow cytometrypeak/histogram data showing the percentage ¢

respective marker.
2.2.9. Data analysis
The data for various parameters was statisticalicutated using the softwe
program version 6.0 ofGraphPad Prism' and representechs mean = SE|
performedin triplicate. Theone-way ANOVA following Bonferroni multipl¢ as a
post hoc statistical tool was used to determinestagstical significance, consider

p < 0.05as the limit of th significance.
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3. RESULTS
3.1. In-vivo study

3.1.1. Study design |

The effect of STZ-induced hyperglycemia on the dgmment of DEN-induced HCC

was examined for 12 weeks in this study design.

3.1.1.1. General observation (Weekly body weight, food and water intake and
relative liver weight)

The body weight of the normal rats changed sigaifily on the 8 (p<0.01) and from
the 1¢" to 12" (p<0.001) week when compared at the start of theystwith
subsequent weeks. There was no statistical difteréor the STZ and/or DEN treated
rats within the group compared to the beginninghef study with subsequent weeks.
On the other hand, the STZ and DEN administeresl aliine showed a significant
decreasep<0.001) in body weight compared to normal ratscémparison to DEN
alone rats, the diabetic-hepatocellular carcino®@&Z(t-DEN) rats exhibited a rise
(p<0.001) in body weight (Figure 23). The differenndahe absolute food and water
consumption for each experimental group are ilaiett in figure 24 and 25. The STZ
treated rats exhibited a significant rige@.001) in food and water intake compared
to normal rats. Furthermore, compared to DEN rthts, STZ+DEN rats consumed
significantly more food and watep<0.01; p<0.001). The STZ and/or DEN rats
showed a significant increase in relative liver giei(Table 25) compared to normal

rats.
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Figure 23 (Average body weight per week for study desigrMalues are expressed
as average body weight per week (g), whene<®:.01, ***p<0.001 in comparison at
the start of the study with subsequent weeks fer tbrmal groupp<0.001 in
comparison to the normal group afiép<0.001 in comparison to DEN group.

STZ, Streptozotocin; DEN, Diethylnitrosamine.
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Figure 24 (Relative food consumption per week for study desig Values are
expressed as relative food consumption per weekOQg/g b.w. of rat), where
3<0.001 in comparison to the normal group dfmk0.01 in comparison to DEN
group.

STZ, Streptozotocin; DEN, Diethylnitrosamine.
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Figure 25 (Relative water consumption per week for study gled): Values are
expressed as relative water consumption per weélk@th g b.w. of rat), where
3<0.001 in comparison to normal group ahdp<0.001 in comparison to DEN
group.

STZ, Streptozotocin; DEN, Diethylnitrosamine.
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3.1.1.2. Study of liver mor phology

The gross scale observation about the nodule incalemultiplicity and size are
summarized in table 26. There were no visible rmpaé nodules in the livers of
normal and STZ rats at the end of 12-weeks, whebdad alone and STZ+DEN
administered groups had multiple carcinoma tumior&omparison to DEN rats, the

STZ+DEN rats had a higher incidence of nodule mplitiity (p<0.05) and size.

3.1.1.3. Biochemical parameters

Figure 26 illustrates the glucose levels in variguzups either before (Day 0) or after
streptozotocin (STZ) induction (weeks 2 and 12)e BiTZ-induced hyperglycemia
was established by significantly elevatgok@.001) glucose levels compared to
normal rats at the end of the second week. In cospato normal rats, STZ and
STZ+DEN groups maintained an elevatpd(.001) blood glucose level for the entire
12-weeks period.

As stated in table 25, the diabetic rats (STZ dlamehibited a significant
reduction in serum insulin and an elevation in giydated hemoglobinp&0.001) in
comparison to normal rats. Furthermore, as comparedrmal rats, the STZ-induced
rats had a substantial increase in the serum arairgferases (AST and ALP<0.05)
and phosphatase (ALP<0.001) along with serum lipid profile (TG, TC ahBL-c;
p<0.001) as well as a declinp<0.001) in HDL-c (Table 27 and 28). On the other
hand, the serum liver dysfunction markers (TB, D&al protein, albumin, and
globulin) and liver-specific bio-markers (GGT and~B) in the STZ-induced rats
were not significantly different from normal rats. comparison to normal rats, the
hepatocellular carcinoma rats (DEN alone) had Baantly higher levels¢<0.001)
of serum aminotransferases and phosphatase exarept fchanges for albumin and

globulin, along with an elevation in serum lipidofite (p<0.001) and liver-specific
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bio-markers (GGT and AFP<0.001,p<0.05) as represented in table 27 and 28. The
diabetic-hepatocellular carcinoma (STZ+DEN) ratsflecd the characteristic
manifestation of diabetes and cancer, but with eatgr degree of severity in
biochemical profiles and the number of hepatic nesldhan the DEN group alone

(Table 25 to 28).

94



Rexlilts

Table 25: The relative liver weight, insulin, and glycos@dthemoglobin (Hb4) in rats of study design I.

Par ameter s | (NC) 11 (STZ) l11 (DEN) |V (STZ+DEN)
Relative liver weight (g%) 3.94+0.15 5.88+0.37 5.76+0.08 6.79+0.66
Insulin (LU/ml) 16.11+0.26 5.80+0.20 16.87+0.21 6.52+0.1% @
HbA, (%) 5.30+0.13 8.43+0.74 5.82+0.16 7.67+0.262

Relative liver weight and the levels of insulin aglgcosylated hemoglobin (Hh4 for study design I. Results are expressed amtan
+ SEM, wherée p<0.01,” p<0.001 compared to normal group dpd0.001 compared to DEN group.
NC, Normal control; STZ, Streptozotocin; DEN, Digifitrosamine.
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Table 26: Morphometric analysis (Nodule incidence, noduldtiplicity, and size of nodules) of study design I.

Group (Treatment) Nodule Nodule Relative nodular size (% of total numbers)
incidence multiplicity <1 mm 1to3mm >3mm
(%) (%) (%) (%)
[l (DEN) 375 1.66+0.33 5 (100) -- --
IV (STZ+DEN) 87.5 5.28+0.68 18 (48.7) 12 (32.4) 07 (18.9)

The gross scale observation (subcapsular greyiste wbhdules) expressed as nodule incidence, migitipland size in hepatocellular
carcinoma rats (DEN alone) and diabetic-hepatoeelloarcinoma rats (STZ+DEN) for study design I.s&es for multiplicity are
expressed as the mean + SEM, whpr®.05 compared to the DEN group.

NC, Normal control; STZ, Streptozotocin; DEN, Digifitrosamine.
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Figure 26 (Serum glucose level for study design I) The glaeclevel (mg/dL) either
before (Day 0) or after streptozotocin (STZ) indowct(week 2 and 12) for study
design I. Results are expressed as the mean + ®Bbte” p<0.001 in comparison
to normal group angp<0.001 in comparison to the DEN group.

STZ, Streptozotocin; DEN, Diethylnitrosamine.
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Table 27: The serum liver dysfunction markers in rats ofigtdesign I.

Parameters | (NC) 11 (STZ) 111 (DEN) |V (STZ+DEN)
AST (IU/L) 55.97+4.16 75.38+3.35 88.10+3.56 102.00+7.31
ALT (IU/L) 47.17+1.81 58.88+3.13 69.59+1.41" 82.86+3.97" ¢
ALP (IU/L) 96.11+2.10 163.60+14.50 155.00+2.26 178.3045.36°
TB (mg/dl) 0.32+0.05 0.50+0.06 0.67+0.01 0.84+0.04"
DB (mg/dl) 0.05+0.005 0.23+0.02 0.40+0.01 0.50+0.11"

Total protein (mg/dI) 7.01+0.20 6.25+0.18 5.56+0.19 5.32+0.15

Albumin (mg/dl) 5.03+0.21 4.45+0.20 4.05+0.34 3.694
Globulin (mg/dI) 1.98+0.33 1.80+0.16 1.50+0.32 1631

Serum liver dysfunction markers for study desigRésults are expressed as the mean + SEM, wpede05,  p<0.01,” p<0.001 in
comparison to normal group afpek0.05 in comparison to DEN group.

NC, Normal control; STZ, Streptozotocin; DEN, Dighttitrosamine; AST, Aspartate aminotransferase; ARanine aminotransferase;
ALP, Alkaline phosphatase; TB, Total bilirubin; DBjrect bilirubin.
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Table 28: The serum lipid profile and tumor bio-markers (G&Id AFP) in rats of study design I.

Parameters | (NC) Il (STZ) Il (DEN) IV (STZ+DEN)
TG (mg/dL) 47.38+1.78 100.6+5.78 103.4+3.85" 130.3+9.85 "¢
TC (mg/dL) 55.50+1.66 130.9+4.45 135.2+2.38" 151.9+9.89"
HDL-c (mg/dL) 51.25+2.80 39.50+0.77 35.75+1.14" 40.29+0.94
LDL-c (mg/dL) 30.38+0.96 63.88+3.55 66.75+1.59" 71.89+8.64
GGT (IU/L) 28.85+1.38 37.38+1.14 48.25+2719 62.86+4.41"°
AFP (ng/ml) 0.33+0.02 0.37+0.03 0.60+0.01 0.7720.11"

Serum lipid profile and tumor bio-markers for studgsign |. Results are stated as the mean + SEMre/Op<O.05,M p<0.001 in

comparison to normal group af0.05,°p<0.01 in comparison to DEN group.
NC, Normal control; STZ, Streptozotocin; DEN, Digiiitrosamine; TG, Triglycerides; TC, Total cholestl; HDL-c, High-density

lipoprotein cholesterol; LDL-c, Low-density lipogesn cholesterol; GGT, Gamma-glutamyl transferage?, Alpha-fetoprotein.

99



Results

3.1.1.4. Macroscopic and histopathological features (H and E; Siriusred)

Macroscopically, the livers of the hepatocellularatnoma (DEN alone) and diabetic-
hepatocellular carcinoma (STZ+DEN) receiving rdisveed the presence of visible
subcapsular greyish white nodules on the periptsendhce compared to normal and
diabetic (STZ alone) rats, which revealed smootifiase without any nodules at the

end of 12-weeks (Figure 27A-D).

The histopathological changes supported the bioatarand morphological
differences at the end of the 12-week period. Mollg STZ injection, the liver
architecture was slightly disrupted, with congestiio central vein and sinusoids and
mild inflammation compared to normal hepatic amtiiire exhibiting well-preserved
hepatocytes, intact globular nucleus, clear lolwdggins and cytoplasm (Figure 27a,
b). The un-inflamed portal triad depicting the hepartery (HA), bile duct (BD), and
portal vein (PV) was evident in the normal livetsr@gompared to the initiation of
congestion in the diabetic (STZ alone) administestd (Figure 27e, f). On the other
hand, the STZ+DEN administered rats unveiled maibyindistorted hepatic
architecture showing congestion in sinusoids, eén&in (CV), and portal triad (PT),
as well as mild inflammatory cells compared to DENated rats (Figure 27c, d, g,
h). Further, the severity of fibrosis in the STZHDEats was increased as indicated
by Sirius-red staining compared to DEN-only ratsg@fe 28c, d). Quantitative
estimate of the proportion of Sirius-red positiveaaincreased significantlp<€0.001)
for the STZ+DEN administered rats in comparisorD®BN alone, which was then

substantially highem&0.001) in comparison to normal rats (Figure 28).
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Figure 27 (Macroscopic appearance and histological charatiesifor study design:I)The upper panel depicts the liver's gross macrascop
appearance from normal (A), STZ-induced diabetey (BEN-induced hepatocellular carcinoma (C) and 8JEN-induced diabetic-
hepatocellular carcinoma (D) groups after study.emhthe arrowheads indicate nodules. The middle lamer panel represents the
photomicrographs of the liver specimens treatet Witand E, which depicts the central vein (CV)uswmids (S), plates of hepatocytes (H) and
portal triad (PT) showing hepatic artery (HA), bdect (BD), portal vein (PV). Here, the black arfmads specify CV and PT congestion
(Magnification: 200 for the photomicrographs a—h).

STZ, Streptozotocin; DEN, Diethylnitrosamine; C\gr@ral vein; PT, Portal triad; H, Hepatocytes; Hile duct; S, Sinusoids; PV, Portal vein
HA, Hepatic artery.
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Figure 28 (Histological evaluation of hepatic fibrosis evak by Sirius red staining for study designRepresentative photomicrographs of
the liver sections stained with Sirius red weregkted as the % of Sirius red-positive area farggroup with the help of a bar diagram. The
hepatic fibrosis was significantly more in STZ+DHiMluced rats compared to DEN-induced rats at tldeoéi2-weeks. Results are expressed
as the mean = SEM, wherep<0.001 compared to the normal group 4oeD.001 compared to the DEN group. Here, the ddites in black

in the photomicrographs ‘c’ and ‘d’ show the co#agdeposition in the plates of hepatocytes (Maggiion: 100 for the photomicrographs a—
d).

STZ, Streptozotocin; DEN, Diethylnitrosamine; C\gr@ral vein.
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3.1.2. Study design 11

The combined role ofi-and B-asarone was evaluated and compared to metformin
HCI, a biguanide anti-diabetic agent, for 18 weagainst diabetic-HCC rats. Table
29 compares the effectiveness of the 18-weeks studye 12-weeks; hereafter, the
18-weeks duration was preferred. The morpholog@adl biochemical changes
observed in the 18-weeks study were high in the+#BIEN treated rats compared to
the 12-week one. In addition, histological featubetween study design | and I
reveal metastasis, ballooning hepatocytes, altarstin ground glass and hyperplasia

of kupffer cells only during 18 weeks of study witthigher degree of severity.

Table 29: Comparative percentage (%) changes and

histopathological characteristics between studygdesand 1.

Parameters STZ+DEN
12-weeks 18-weeks
Relative liver weight 89.81 100
Nodule incidence 87.5 100
Nodules <1 mm in diameter 48.7 18.5
Nodules 1-3 mm in diameter 32.4 34.5
Nodules >3 mm in diameter 18.9 47.0
Average no. of nodules 45.67 100
GGT 86.31 100
AFP 28.51 100
Histological features/changes
Metastasis - +
Ballooning hepatocytes - +++
Ground glass change - ++
Kupffer cell hyperplasia - ++

Comparative percentage (%) alterations (morpho#dgibiochemical analysis, and
histological characteristics) were observed in eimbHCC rats at the end of the 12-
and 18-week duration. The histological featuressameed as mild (+), moderate (++),

severe (+++), and absent ().
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3.1.2.1. General observation (Weekly body weight, food and water intake and
relative liver weight)

The normal rats showed significant changes in baejght on §' (p<0.05), 18
(p<0.01), and 1" to 18" (p<0.001) week when compared at the start of theysiith
subsequent weeks. The bodyweight of diabetic ab diabetic-HCC groups for
this design was comparable to the 12-weeks pervitere no statistical difference
was observed within the group in comparison at dtaet of the study. However,
asarone and metformin-treated groups showed stgnifichanges in body weight on
the 9" (p<0.01) and from 19 to 18" (p<0.001) week when compared at the start of
the study with subsequent weeks. On the other h#m,STZ and STZ+DEN
administered rats exhibited a substantial decrgas@001;p<0.05) in body weight
compared to normal rats. Compared to STZ+DEN adiared rats, both the asarone

and metformin-treated groups didn't alter the boelight statistically (Figure 29).

The food and water intake alterations for each expntal group are illustrated in
figure 30 and 31. The rats treated with STZ and -@JEZN exhibited a considerable
increase [{<0.001) in food and water intake compared to norratd. There was no
statistical difference in treatment groups excéptt water intake was significantly

less in metformin-treated ras<0.05) compared to STZ+DEN rats.

The rats treated with STZ alone and STZ+DEN contpargh the normal showed a
considerable increasg<0.001) in the relative weight of the liver. Whesethe
asarone and metformin-treated groups, when compeitedhe STZ+DEN, exhibited
a substantial decreasp<(0.01;p< 0.001) in the relative weight of the liver (Table

30).
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Figure 29 (Average body weight per week for study designWalues are expressed
as average body weight per week (g), whepe0*05, **p<0.01, ***p<0.001 for
normal rats compared at the beginning of the stitly subsequent week$<0.01
and *p<0.001 for both the treatment groups (Asarone anetfdvimin HCI) in
comparison at the beginning of the study with sgbeet weeks antp<0.05 and
%<0.001 for STZ+DEN and STZ group compared to themab group.

STZ, Streptozotocin; DEN, Diethylnitrosamine.
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Figure 30 (Relative food consumption per week for study dedig: Values are
expressed as relative food consumption per weekOQg/g b.w. of rat), where
®0<0.001 for rats treated with STZ alone and STZ+Dé&dwnpared to the normal
group.

STZ, Streptozotocin; DEN, Diethylnitrosamine.
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Figure 31 (Relative water consumption per week for study giedi): Values are
expressed as relative water consumption per wedkdéh g b.w. of rat), where
3<0.001 in comparison to normal rats dpd0.05 in comparison to STZ+DEN rats.
STZ, Streptozotocin; DEN, Diethylnitrosamine.
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3.1.2.2. Study of liver mor phology

Table 31 summarizes the gross scale observatiomtath® nodule incidence,
multiplicity and size. The STZ-induced diabetogerdts did not show the incidence
of any hepatocytic subcapsular nodules until thd eh 18-weeks. Compared to
normal and diabetogenic rats, several subcapstégisth white nodules were seen in
the rats treated with STZ+DEN and treatment grolpenetheless, compared to
STZ+DEN treated rats, the asarone and metformatece groups reduceg<0.05;

p<0.01) the number and size of the nodules.

3.1.2.3. Biochemical parameters

As stated before, undefection 3.1.1.3, the induction of hyperglycemia was
confirmed by the elevated levels of serum glucasetd the administration of STZ at
the end of the ®week. This increase of glucose was sustained thetitompletion of
the study in the animals treated with STZ alone &md+DEN. When compared to
STZ+DEN-induced rats, the metformin-treated grougsvguccessful in controlling
the serum glucose levelp<0.001). Similarly, in comparison to STZ+DEN tredhte
rats, the test substance, asarge®(001), was also able to control the blood glucose

level (Figure 32).

Table 30 shows that STZ alone and STZ+DEN rats &aaharked decline
(p<0.001) in serum insulin levels and a substantiatdase §<0.001) in glycosylated
hemoglobin as compared to normal rats. Furthergmifeant increasep<0.001) in
the serum liver dysfunction markers such as ASTT AALP, TB, DB, total protein,
albumin along with the serum lipid profile such®&s, TC and LDL-c and a decline
(p<0.001) in HDL-c was observed in the STZ alone & I&+DEN-induced rats at
the end of 18-weeks compared to normal rats (Tébland 33). The liver dysfunction

marker globulin and HCC specific bio-markers GG &P compared to normal
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rats didn’'t display any significant variations inet STZ treated rats. But, only the
STZ+DEN-induced rats showed a substantial incréas@.001) in HCC specific bio-
markers (GGT and AFP) as compared to normal ra#bl€T 33). In contrast, the
asarone and metformin-treated groups showed <ignifi alterations in all the
biochemical markers levels with a varying degreempared to the diabetic-

hepatocellular carcinoma (STZ+DEN) group (Table33)-
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Table 30: The relative liver weight, insulin, and glycosyldteemoglobin (HbAy) in rats of study design II.

Parameters I I [l v \
(NC) (STZ) (STZ+DEN) (STZ+DEN+Asarone) (STZ+DEN+Metformin)
Relative liver weight (%) 3.35+0.08 6.56x0.74  7.56+0.49" 6.06+0.08™" 4.90+0.12™ 2
Insulin (LU/ml)) 16.57+0.26 4.63+0.18 5.73+0.27" 10.03+0.48™2 12.60+0.35"2
HbA¢ (%) 5.50+0.09 8.90+0.15 8.10+0.15" 6.89+0.28™" 5.88+0.24

Effect of Asarone and Metformin HCI on relativedivweight, insulin, and glycosylated hemoglobin &4 for study design Il. Results are

expressed as the mean + SEM, whepe0.001 in comparison with the normal group &pd0.01,%<0.001 compared to the STZ+DEN-
induced group.

NC, Normal control; STZ, Streptozotocin; DEN, Digifitrosamine.
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Table 31: Morphometric analysis (Nodule incidence, noduldtiplicity, and size of nodules) of study design Il

Group (Treatment) Nodule Nodule Relative nodular size (% of total numbers)
incidence  multiplicity <1 mm 1to3mm ~3mm
() (%) (%) (%)
Il (STZ+DEN) 100 10.13+0.71 15 (18.5) 28 (34.5) @9.0)
IV (STZ+DEN+Asarone) 62.5 7.00+0.31 7 (20.0) 12 (34.2) 16 (45.8)
V (STZ+DEN+Metformin) 50 5.750.75 4 (17.3) 8 (34.8) 11 (47.9)

The gross scale observation (subcapsular greyigie whdules) expressed as nodule incidence, maltipand size, and the effect of Asarone
and Metformin HCI for study design Il. Results ofiltiplicity are expressed as the mean + SEM, wiipr®.05,p<0.01 in comparison to
STZ+DEN-induced group.

STZ, Streptozotocin; DEN, Diethylnitrosamine.
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Figure 32 (Serum glucose level for study design IlI) The ghectevel (mg/dL) either
before (Day 0) or after streptozotocin (STZ) indmct(week 2 and 18) and effect of
Asarone and Metformin HCI for study design Il. Résare expressed as the mean +
SEM, where p<0.05, ***p<0.001 compared to the normal group d&ipet0.001
compared to the STZ+DEN-induced group.

STZ, Streptozotocin; DEN, Diethylnitrosamine.
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Table 32: The serum liver dysfunction markers in rats of gtddsign II.

Parameters I I M1 v \
(NC) (STZ2) (STZ+DEN) (STZ+DEN+Asarone) (STZ+DEN+Metformin)

AST (IU/L) 55.51+0.93  78.09+0.72  166.50+1.80" 71.40+1.91"2 68.78+1.66" 2

ALT (IU/L) 46.62+1.84 64.88+1.55  176.20+2.41 65.16+2.05"2 56.01+3.26

ALP (IU/L) 03.09+0.91 164.80+2.74 263.70+3.33 128.70+2.11" 2 110.20+45.332

TB (mg/dl) 0.33+0.01 0.58+0.01 1.07+0.04" 0.39+0.04 0.35+0.02

DB (mg/dl) 0.07+0.006  0.27+0.01 0.97+0.02" 0.35+0.01" 2 0.14+0.01°

Total protein (mg/dl)  8.84+0.19 7.18+0.06  4.76+0.17" 6.32+0.16 2 7.20+0.08™2

Albumin (mg/dI) 5.63+0.16 4.22+0.77 2.14+0.14° 4.09+0.04™ % 4.57+0.12™ 2
Globulin (mg/dI) 3.33+0.06 2.87+0.11 2.27+0.14 2.86+0.1% 3.00+0.13

Effect of Asarone and Metformin HCI on serum dysfiion markers of the liver for study design Il. Riks are expressed the mean + SEM,
where'p<0.05,” p<0.01,™ p<0.001 in comparison to normal group &p€0.05,°p<0.01,%<0.001 in comparison to STZ+DEN-induced group.
NC, Normal control; STZ, Streptozotocin; DEN, Digthitrosamine; AST, Aspartate aminotransferase; ARIlanine aminotransferase; ALP,
Alkaline phosphatase; TB, Total bilirubin; DB, Datebilirubin.
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Table 33: The serum lipid profile and tumor bio-markers (G&Id AFP) in rats of study design Il

Parameters I I M1 v \
(NC) (STZ2) (STZ+DEN) (STZ+DEN+Asarone) (STZ+DEN+Metformin)

TG (mg/dL) 49.00+1.61 103.60+1.91 138.50+2.91 105.30+5.30" 2 90.50+4.00™ 2

TC (mg/dL) 57.13+2.03 129.90+1.80 156.70+2.15 125.90+3.31" @ 94.57+8.24 "2
LDL-c (mg/dL) 31.25+0.52 65.20+2.14  75.67+1.86° 60.79+1.60 51.24+7.91°
HDL-c (mg/dL)  57.75+1.50 38.29+0.96  37.50+0.95" 41.57+0.81" 45.50+2.25" P

GGT (IU/L) 29.50+1.41 35.86+1.59 72.83+2.52 44.60+3.08™2 38.88+2.72

AFP (ng/ml) 0.34+0.02 0.42+0.02 2.70+0.70 1.31+0.02"2 0.99+0.03™%

Effect of Asarone and Metformin HCI on serum ligabfile and tumor bio-markers for study designResults are expressed as the mean +
SEM, where p<0.05,” p<0.001 in comparison to normal group &pd0.01,%p<0.001 in comparison to STZ+DEN-induced group.

NC, Normal control; STZ, Streptozotocin; DEN, Digthitrosamine; TG, Triglycerides; TC, Total chokestl; HDL-c, High-density lipoprotein
cholesterol; LDL-c, Low-density lipoprotein cholestl; GGT, Gamma-glutamyl transferase; AFP, Alp&iibrotein.
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3.1.2.4. Serum metabolites by *H-NM R spectr oscopy

The characteristi¢H-NMR spectra obtained from the serum samples fiérgint
experimental groups are illustrated in figure 331 &%#. These spectra permit the
measurements of several metabolites from the reglmwing strong resonances
ranging from 0.0 to 5.3 ppm. In this study, the Bmeetabolites related to glucose,
lipid, and amino acid metabolisms such as pyruMatgate, creatine, acetate, valine,
alanine, and glutamine were quantified to extraoterdetails. The alterations in the
metabolite levels detected B{A-NMR serum analysis present an association with

their relevant pathways, as depicted in a scherd&gram (Figure 35).

As shown in table 34, the diabetic animals (STzAe)oshowed a substantial
reduction in pyruvatep<0.05), alanineg<0.01) and glutaminep€0.001) levels, as
well as a risef<0.001) in acetate levels in comparison to nornméhals. Although
the STZ-treated group had lower lactate, creatamg] valine levels, the difference
was insignificant. Besides, in comparison to themad rats, the diabetic-HCC rats
(STZ+DEN) had elevated levels of pyruvate<@.01), lactate g<0.05), creatine
(p<0.05) and acetategp<£0.001) as well as decrease levels of alanp®.05) and
glutamine levelsd<0.001). The levels of valine in the STZ+DEN trehtats were
not statistically significant compared to normaisraOn the other hand, treatment
groups showed significant alterations in the lewdlshe metabolites with a varying
degree compared to the STZ+DEN-induced group. Busuth significant changes
were observed for alanine in asarone treated,icesit metformin-treated, and valine

for both the treatment groups compared to STZ+DadNt¢ced rats.
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Figure 33 (The 'H-NMR spectra for study desigr): Representative spectra produced by 400 MHz “tBNMR) from the serum samples of
normal (A) STZ (B), STZ+DEN (C), STZ+DEN+sarone (D)and STZ+DEN+Metformin (E). The arrow mark indicatbée trespectiv:
metabolites in each NMR spect&lZ, Streptozotocin; DEN, Diethylnitrosamine; TSlIrimethylsilyl 2,2,3,-tetradeuteropropionic acid.
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Diethylnitrosamine.
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Table 34: The serum metabolites in rats of study design II.

M etabolites/Groups I [ [l A% Vv HMDB KEGG
(NC) (STZ) (STZ+DEN) (STZ+DEN+  (STZ+DEN+
Asarone) M etformin)
Energy metabolism
Pyruvate 1.3320.03 0.97+0.11  1.79+0.0§ 0.57+0.07"%® 0.66+0.02"? HMDB00243 C00022
Lactate 42.33+1.49 3550+5.01 74.00%9.17  46.39+3.48  44.88+8.76 HMDB00190 C00186
Creatine 1.27+#0.13  0.85+0.05  2.61+0.55 1.30+0.16 1.36+0.31 HMDBO00064 CO00300
Lipid metabolism
Acetate 0.22+0.02 1.88+0.34"  1.71+0.23" 0.730.18 0.48+0.12 HMDB00042 C00033
Amino acid metabolism
Valine 1.60+0.13  1.01+0.32  1.12+0.08 1.47+0.21 1.19+0.17 HMDB00883 C00183
Alanine 6.45+0.27 4.02+0.39  4.51%0.29 5.94+0.35 6.78+0.62  HMDBO00161 C00041
Glutamine 8.03+0.16 4.99+0.36°  4.81+0.25" 8.69+0.18 7.44+0.59 HMDB00641 C00064

Effect of Asarone and Metformin HCI on differents@ metabolites (match with the HMDB and KEGG dat#) levels for study design Il
Results are expressed as the mean + SEM, whe€e05,” p<0.01,” p<0.001 in comparison to normal group &pd0.05,%p<0.01,%<0.001
in comparison to STZ+DEN-induced group.

NC, Normal control; STZ, Streptozotocin; DEN, Digthitrosamine; KEGG, Kyoto Encyclopedia of Genesl @&enomes; HMDB, Human

Metabolome Database.
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Figure 35 [The netabolic pathway (represented in the dotted boxes)
hepatocarcinogenesiduring diabetic condition]: Thegraphic representation
metabolic pathwaygas obtained from the KEGG and HMDB database) \ili
changes in the levels afetabolitesdetected (demonstrated in the orange box'H-
NMR serum analysipresents the association in diab-HCC condition. The chang:
of the metabolites were quantified and reswereexpressed in bar diagrams as m
+ SEM, wherep<0.05,” p<0.01 and” p<0.001 in comparison with theormal group
and“p<0.05,"p<0.01,%<0.001 in comparison to STZ+DENduced grouy

STZ, Streptozotocin; DEN, Diethylnitrosamine; TCycte, Tricarboxylic acid cycl
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3.1.2.5. Anti-oxidant activity

As shown in table 35, diabetic rats (STZ alone) $igdificantly lower levels of SOD,

CAT, GSH £<0.001), GPx and Vitamin-Cp€0.01), along with an increase
(p<0.001) in the levels of LPO compared to normas.r&urthermore, in contrast to
normal animals, the STZ+DEN-induced rats exhibitedsubstantial reduction
(p<0.001) in SOD, CAT, GPx, GSH, and Vitamin-C levedsd an elevation

(p<0.001) in LPO levels. On the contrary, the asarame metformin-treated groups
showed significant changes in the enzymatic ander@ymatic anti-oxidants levels

with a varying degree compared to the diabetic-togedlular carcinoma (STZ+DEN)

group.
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Table 35: The anti-oxidant enzymes in rats of study design I

Parameters I I [l v \%
(NC) (STZ2) (STZ+DEN) (STZ+DEN+Asarone) (STZ+DEN+Metformin)

SOD (units/min/mg protein)  8.11+0.05  4.05+0.07 3.85+0.24" 6.21+0.14"2 6.74+0.29
CAT (umol/min/mg protein) 47.38+1.56 28.79+1.09 20.39+0.74" 37.71+1.63"% 39.55+0.84"2
LPO @mol/min/mg protein)  2.49+0.16  6.22+0.19 7.55x0.16 4.70+0.13"° 3.93+0.16 '®
GPx @mol/min/mg protein)  2.55%0.12  1.94+0.10 0.99+0.09" 2.03+0.052 2.17+0.11

GSH (ug/g wet tissue) 21.1740.39 14.17+0.93 11.19+0.45" 13.89+0.48™ ¢ 15.67+0.18™2
Vitamin-C (mg/g wet tissue) 0.77+0.02  0.62+0.03  0.33+0.02" 0.50+0.03™" 0.60+0.02" 2

Effect of Asarone and Metformin HCI on enzymatiaaron-enzymatic anti-oxidants for study desigrRésults are expressed as the mean +
SEM, where p<0.05,” p<0.01,” p<0.001 in comparison to normal group &pd0.05,°p<0.01,%<0.001 in comparison to STZ+DEN-induced
group. Units are as follows: SOD= 1 unit of activédquals the enzyme reaction that gave 50% inhibitf nitro-blue tetrazolium (NBT)
reduction in 1 minute, CATgmoles of HO- utilized in 1 minute, LPOsamoles of malondialdehyde (MDA) formed in 1 minuBRx=pmoles

of glutathione (GSH) oxidized in 1 minute.
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3.1.2.6. Histopathological assessment

The streptozotocin (STZ) induced diabetic liverstlué rats appeared dark in color
with no visible subcapsular greyish white tumorsompits peripheral surface
compared to the normal liver of rats, which revdadesmooth surface without any
discoloration at the end of 18-weeks. In contrt, livers of diabetic-hepatocellular
carcinoma (STZ+DEN) rats exhibited growth and threspnce of foci on the
outermost layer as well as numerous subcapsulaisrevhite tumors, which are
typical hallmarks of hepatocarcinoma. Furthermommpared to STZ+DEN-induced
rats, the treatment groups showed a reduced ocwerref hepatic nodules (Figure

36A-E).

The normal rat's liver histology exhibited charaitic hepatic structure,
including well-preserved hepatocytes describedhieypresence of central vein (CV),
clear lobule margins and cytoplasm along with intglobular nucleus and an un-
inflamed portal triad (PT) that included portal wéPV), bile duct (BD) and hepatic
artery (HA) (Figure 36a, f). The single intra-perieal injection of STZ in the
diabetic group revealed a moderately disturbed tieparchitecture showing
congestion in CV, PT, and sinusoids (Figure 36lwitf) severe inflammation (Figure
37a). This further prompt necrosis (Figure 37e)ueng in the accumulation and
infiltration of lymphocytes as observed between thktes of hepatocytes.
Furthermore, stage 1 fibrosis was evident and ooefil through Sirius red staining,
where the expansion of fibrosis was observed infeva portal areas without any

septa in the STZ injected group (Figure 36l).

On the other hand, the diabetic-HCC rats (STZ+DEN)wed complete loss of
the hepatic architecture with deformed cellular rmaries. In addition, the rats

exhibited severe congestion in the CV, sinusoidsd, RT (Figure 36¢, h) along with
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the signs of inflammation (Figure 37b), resulting the infiltration of leukocytes,
hemorrhage, necrosis (spotty) (Figure 37f) andoBls (Figure 36m) alike to STZ
alone with increased intensity. Nevertheless, tagtoally, the incidence of numerous
neoplastic cells (confirmed HCC), ballooning hepstes (Figure 38d), cellular
hyperplasia (Figure 39b) along with the presencérafging necrosis (Figure 38a),
changes in the ground glass (Figure 39a), cholestgeowth of the kupffer cell
(Figure 39b), and centrilobular degeneration weogenprominent at 18-weeks in the
STZ+DEN-induced rats. Furthermore, the stages lfosis patterns (F1 to F3)
identified from the tumor, and non-tumor sectiofighe STZ+DEN-induced group
were assessed through Sirius red staining (FigQree}. This progressive fibrosis
followed by cirrhosis (Figure 39f) lastly developECC, where the presence of a
cluster of satellite tumoral cells with irregulaegatocytes was observed and

confirmed with H and E staining in STZ+DEN-induaadis (Figure 39q).

The extent of the toxic effect of histopathologi@athitecture in STZ+DEN-
induced rats was decreased in asarone and metforeaited groups (Figure 36, 37,
and 38). In contrast to STZ+DEN-induced rats, trespnce of few histopathological
features was reversed following treatment with @sarand metformin. They were
alterations in the ground glass, growth of the kapfcell, and metastasis (as
metastasis towards the lung as observed in fewscas&TZ+DEN-induced rats).
Besides these, all the other histopathologicalnfealks of hepatocarcinoma were
significantly decreased following treatment with tfoemin and, to a lesser extent,

following treatment with asarone (Table 36).

Additionally, the quantitative estimation of fibisgexpressed as a percentage of
Sirius-red positive area; assessed by Sirius-i@disg) in comparison to normal rats

was statistically elevated for the STZ along<(.05) and STZ+DEN-induced
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(p<0.001) animals. On the contrary, the percentag8intis-red positive area was
significantly decreased€0.001) in the asarone and metformin-treated groupen
compared to STZ+DEN administered rats (Figure B&irthermore, the increased
inflammation score (score out of 3) in the STZ+DENuced rats was significantly
reduced (<0.05; p<0.01) when treated with the test compounds asaime
metformin (Figure 37). The histologically obsentmllooning hepatocytes prominent
at 18-weeks of study in the STZ+DEN-induced ratsewgquantified, where the
increase in the ballooning score (score out of & significantly decreasep<0.05)

only in the metformin-treated rats (Figure 38).
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Figure 36 (Macroscopic appearance and histological charatitesifor study design t)Macroscopic and histopathological features of dife
experimental groups for study design Il. The topgdaf the collage represents the overall morpholdagspects of normal rat liver (A), STZ-
induced diabetic rat liver (B), STZ+DEN-induced lak#ic-hepatocellular carcinoma rat liver (C), STAN>Asarone treated rat liver (D), and
STZ+DEN+Metformin treated rat liver (E) after 18-@ks experiment (arrowheads designates nodules)twienid horizontal panels (a—j)
represents the hematoxylin-eosin (H and E) stalived sections, which depict the central vein (83Howing sinusoids (S) and hepatocytic
plates (H) as well as a portal triad (PT) depicting bile duct (BD), hepatic artery (HA), and pbrain (PV). Here, the black arrowheads
represent the CV and PT congestion, whereas tleedrhowheads indicate lymphocytic cell aggregatiod invasion as well as necrosis. The
Sirius red-stained liver sections (k—0) in the lowest horizontal row indicate hepatocytic platdse Eollagen deposition is shown by the black
dotted lines in the photomicrographs (I-0). (Mamaifion: 200 for the photomicrographs a—g, i & j;adhification: 100 for the
photomicrographs h, k—0). The hepatic fibrosis weasulated as the percentage of Sirius red positiea as shown in the bar diagram. Results
are expressed as the mean + SEM, whe6.05, " p<0.001 compared to the normal group 4pd0.001 compared to STZ+DEN-induced

group.
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Figure 37 (Histology of non-tumor region fastudy designl): Representativel and E staining photomicrographs from the-tumor sections of liv
showing inflammation and spotty necrosis for studgign Il. Theyellow arrowheads depict cellular infiltration leaglito inflammation; the bla
arrowheads depict spggtnecrosis, and the red arrowheads represent famralbrrhage (Magnification 100 for the photomicrograpta, g & h

Magnification: 200 for the photomicrographsfo Further, the inflammation score wealculated and represen as the mean + SEM, whei@<0.06
Pn<0.01 in comparison to the STZ+DENduce« group.
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Figure 38 (Histology of tumor region fostudy designl): Representativél and E staining photomicrographs from the tumotiges of livel

showing bridging necrosis aruhllooning hepatocytes for study desig. Here, the yellow arrowheads depbridging necrosis; the red
arrowheads depict focal hemorrhage, and the blusvhgads represent enlarged and round hepatocyiscst@wingballooning hepatocytes
with clear cytoplasm. (MagnificationlOO for the photomicrograpta—f). Further, theballooning hepatocytes scowas calculated and

represented as the mean + SEM, wlipx®.05 compared to the STZ+Dkinduced group.
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Figure 39 (Fibrosis, cirrhosis, and HCC features for studyigiedl): Representative H and E staining photomicrograpbm fthe tumor and
non-tumor sections of diabetic-HCC livers. The phutsographs show the different stages of fibrosisad® 1 to 3), cirrhosis and
hepatocellular carcinoma (HCC) sequentially. Hdre,red arrowheads depict ground glass appeardreéldck arrowheads depict the growth
of kupffer cells, and the dotted lines in black ibitled well-defined cirrhosis (f) and the presemdea cluster of satellite nodular cells with

asymmetrical hepatocytic cells (g). (Magnificati@®0 for the photomicrographs a & b; Magnificatia00 for the photomicrographs c—g).
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Table 36: Histopathological characteristics of the liver tfdy design Il.

Histological [ 1 v \%
featur es/changes (STZ2) (STZ+DEN)  (STZ+DEN+Asarone) (STZ+DEN+M etfor min)
Stage (F1/F2/F3) 6/1/0 1/1/4 21213 4/2/2

Metastasis - + - -
Central vein & sinusoidal ++ +++ + +
congestion

Inflammation ++ +++ ++ ++
Focal hemorrhage ++ +++ +

Ballooning hepatocytes - +++ +
Altered hepatic foci - +++ +
Spotty necrosis +++ ++ +
Portal triaditis +++ + +
Ground glass change - ++ - -
Kupffer cell hyperplasia - ++ - -
Cirrhosis - ++ +
Hepatocellular dysplasia - +++ +
Hepatocellular carcinoma - +++ ++ +

The severity of different histological charactedstwas scored based on absent (-), severe (++8dlemate (++), and mild (+). The

scoring/stage of liver fibrosis as assessed bysSmed staining are based on the following criterdeere F1: the growth of fibrosis into a few
portal areas without the presence of septa; F2yribvrth of fibrosis in most of the portal areashaain infrequent portal to portal (P—P) bridging
and F3: the growth of fibrosis in almost all of {hertal areas with clear portal to central (P—QJ partal to portal (P—P) bridging.
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3.2. In-vitro study

3.2.1. Cytotoxicity assay

The HepG2 cells were treated with various concéntra ofa andp-asarone (0.12 to
1.92 mM), as well as metformin HCI (1.6 to 25.6 miMy 48-h and cytotoxicity
evaluated by the MTT assay. Based on the concemtsaf0.12 to 1.92 mM) of the-
asarone, significant inhibition of cell viabilityas observed compared to untreated
cells (Figure 40A). Fop-asarone, it exhibited marked inhibition of celhbility with
concentrations from 0.48 to 1.92 mM compared toaated cells (Figure 40B).
Furthermore, metformin HCI significantly reducec thiability of HepG2 cells in a
dose-dependent manner (1.6 to 25.6 mM) comparadtteated in the 48-h treatment

(Figure 40C).

Figure 41A-D shows the comparative morphology ofp@2 cells in the
untreated and treatment groupsaSaronef-asarone, and metformin). The HepG2
cells cultured for 48-h in the untreated group hdaigh concentration with adherent
properties aggregating in small cellular colonlesas also observed that few HepG2
cells in the untreated group build up, forming altiayered appearance. However,
the cell morphology in the treatment groups showetharacteristic dose-dependent
decrease in density with a small round body owmgsdillular shrinkage. In addition,
the presence of detached non-viable HepG2 cellsobasrved as the concentration
increases in the treatment groups. The morpholbglyeocells exposed to asarone and
metformin supported the results showing cell cytatity and growth inhibition.
Henceforth, these results indicate that asaronenagifiormin reduce viability and

modifies the morphology of HepG2 cells.
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Figure 40 (Asarone and Metformin inhibit thviability of human HepG2 cells): (A-CJells were treated wi an indicated drug concentration
of a-asaronef-asarone and metformin H@r 48-h. The results were calculated and expressedeas + SEN for triplicate experiments,

where p<0.05,” p<0.01,” p<0.001in compariso to untreated (UT) group.
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B 0.12 mM 0.24 mM 0.48 mM 0.96 mM 1.92 mM

u-asarone

A Untreated C 0.12 mM

0.24 mM 0.48 mM 0.96 mM 1.92 mM

p-asarone

1.6 mM 3.2mM 6.4 mM 12.8 mM 25.6 mM

--- o -

Figure 41 (Asarone and Metformin modify the morphology of humiéepG2 cells: The changes dlepG2 cell morphology shown as represente
images were observed by an inverted microscp@{m). (A) Untreated group, the cells had a heghcentratio with adherent properties showing
epitheliallike morphology (black arrowhead indics multi-layered appearancé)Vhereas the cells in the treatment grouparone (B, C), and
metformin (D) were round (small bodydw density, and presence of detached non-viatgls (blue arrowhead) as the concentration inesé&-e).

=]

Metformin HCI
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3.2.2. Cdll proliferation assay

The effect of glucose on HepG2 cell growth was d@rach by measuring changes in
percentage proliferation. For this, the HepG2 cellsre cultured under different
glucose conditions for 48 and 96-h. A time-depeh@dégvation in growth or viability
of the HepG2 cells was found when incubated withgh glucose concentration (25
mM) compared to the cells cultured in normal glec¢s mM) as measured by MTT
assay. In addition, the HepG2 cells in high glucasecentration exhibited the
formation of adherent cell colonies as detecteceurath inverted microscope (Figure
42). These findings suggest that a high-glucoseremwment promotes HepG2 cell

growth.
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Figure 42 (HepG2 cells proliferate more in a hyperglycemic ctan): (A, B) HepG2 cells were grown for 48 and 96 hours in noland
high glucose conditions (NG; 5.5 mMG; 25 mM. Afterwards, the changes the percentage of proliferon were determined by MTT
assay. Theesults were calculated and expressemean + SEM for triplicate experiments, whgre0.C5 compared as indicated.
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