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Abstract

Abstract

The application of betulinic acid (B), a potent antineoplastic agent, is limited due to poor
bioavailability, short plasma half-life and inappropriate tissue distribution. Thus, we aimed to
prepare novel 50:50 poly(lactic-co-glycolic acid) (PLGA)-loaded B nanoparticles (BNP) and
to compare its anti-hepatocellular carcinoma (anti-HCC) activity with parent B. BNP were
synthesized and characterized using different methods such as scanning electron microscopy
(SEM), fourier-transform infrared (FTIR) spectrometry and particle size analyses. Particle
size of BNP was optimized through the application of the stabilizer, polyvinyl alcohol (PVA).
The anti-HCC response was evaluated through in vitro cell line study using Hep-G2 cells,
confocal microscopy, in vivo oral pharmacokinetics and animal studies. Further, for
mechanistic and metabolic exploration the quantitative reverse transcription polymerase
chain reaction (qQRT-PCR), western blot, mathematical modelling and 'H NMR based
metabolomics analysis were conducted to observe the changes in the expression of specifc
genes and proteins. Particle size of BNP was optimized through the application of the
stabilizer, polyvinyl alcohol. Physicochemical characterization exhibited particle size of
257.1 nm with zeta potential -0.170 mV (optimized batch B, BNP). SEM and FTIR analyses
of BNP showed that cylindrical particles of B converted to spherical particles in BNP and
there were no interaction between B and used polymers. The release study of optimized BNP
was highest (>80%) than any other formulation. Later, in vitro cell culture analysis using
Hep-G2 cells and confocal microscopy studies revealed that BNP had the highest inhibition
and penetration properties than parent B. Oral pharmacokinetics studies using albino Wistar
rats at single 100 mg dose again exhibited BNP had the higher 50% of plasma concentration
(t12), a higher maximum plasma concentration (Cmax) and took longer to reach the
maximum plasma concentration (Tmax) than parent B. Next, our in vivo study using
nitrosodiethyl amine (NDEA)-induced HCC model documented BNP decreased in number of
nodules, restored body weight, oxidative stress parameters, liver marker enzymes and
histological architecture than parent B. Again the quantitative real-time polymerase chain
reaction and western blot analyses revealed that HCC was developed through lower
expressions of e-NOS, BAX, BAD, Cyt C and higher expressions of i-NOS, Bclxl, Bcl-2. B
and BNP normalised the expressions of these apoptogenic markers. Particularly, both
activated i-NOS and e-NOS mediated Bcl-2 family proteins—CytC—Caspase 3 and 9
signalling cascades. Lastly the 1H-NMR-based metabolomics study also demonstrated that

the perturbed metabolites in NDEA-induced rat serum restored to the normal level following
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Abstract

both treatments. Moreover, the prepared BNP showed a better therapeutic response against

HCC and could be attributed as future candidate molecule for HCC treatment.
Keywords:

Betulinic acid, PLGA-loaded nanoparticles, Hep-G2 cells, Hepatocellular carcinoma, N-

nitrosodiethylamine (NDEA), Bcl-2, BAD, BAX, Caspase-3 and -9, 'H-NMR based
metabolomics.
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Chapter 1 Introduction

1. Introduction

Hepatocellular carcinoma (HCC) is among the main widespread forms that represent more than
90% of the worldwide liver cancer cases. Although, breast cancer, lung cancer, and large
intestine cancer have been recognized as the most severe forms, but, the highest death toll was
identified for the liver cancer and lung cancer. The rate of mortality among HCC cases are
extreme high with more than 750 thousands death annually. It is often designated as the 5™ most

common cancer form and the 3 most prominent reason for death in human beings [1].

1.1 National Data

The national epidemiological data of HCC is presently unavailable. The lack of proper
documentation and improper registry in national cancer registries represents a major challenge.
Indian Council of Medical Research (ICMR)- National Cancer Registry Program (NCRP) have
included data and is currently expanding to 21 population-based cancer registries as well as 6
hospital-based cancer registries. The data available in International Agency for Research on
Cancer (IARC), World Health Organization (WHQO) and ICMR stated that out of every million
indigenous population of range 40 years to 70 years, 7 to 75 men and 2 to 22 women suffer from
HCC in the age. The data highlighted that males are more prone to HCC in the ratio of 4:1 than

females. The recent studies revealed that cirrhotics associated HCC is only 1.6% per year [2].

1.2 Present status

Various synthetic chemotherapeutic agents have showed promising effects on HCC, but, these
could develop chemoresistance to patients following a longterm treatment [3]. Sorafenib, a
leading drug molecule used for HCC treatment [4], often produces disease related metastasis and
resistance [5]. In addition, it display significant adverse effects and its cost of treatment is
extremely high [6]. To overcome these shortfalls, the natural products could be the alternative
choice for hepatic cancer treatment [7]. The foremost negative aspect correlated with these
natural products is the poor absorption profile through the oral route, which directed towards
inferior usefulness [8]. Modern analysis discovered that the absorption and solubility via oral
route might be improved in superiority via integration of the drug molecules into the poly(lactic-
co-glycolic acid) (PLGA) [9,10]. Therefore, there is an insistent necessitate to discern newer

plant-derived anticancer agents for effective treatment of HCC cancer.

Babasaheb Bhimrao Ambedkar University (A Central University), Lucknow Page 1



Chapter 1 Introduction

1.3 Hepatocellular carcinoma

Hepatocellular carcinoma or hepatoma is considered the chief widespread malignant tumor of
liver. Liver comprises of diverse cellular components like hepatocytes (80%, major cell form),
blood cells, billiary cells, ito cells, Kupffer cells, perisinusoidal cells, etc. The mainstream of
principal liver cancer (approximately >90%) occurs from the hepatocytes and is referred as
hepatocellular carcinoma. During the process of hepatocarcinogenesis, preliminary carcinogen
offences result in instigated cells from the normal liver parenchyma cells or hepatocytes by
alteration in the genetic levels which is followed by an interaction generally with DNA. The
chronic exposure of hepatocytes to tumor promoter or carcinogens like Phenobarbital leads to
subsequent promotion of tumors and produces hepatic altered foci (clonally selected expansions
of initiated cell populations). These carcinogenic contents cause further alterations at the genetic
levels where under extreme accumulated levels produce hyperplastic nodules that eventually
changes into hepatocellular carcinoma [11].

1.3.1 Stages of hepatocellular carcinoma

The conversion of hepatocytes (initiated) into the hepatocellular carcinoma (stages) is a complex
multi-stage process. On the basis of morphology; viz. size, appearance, shape, growth, etc. and
biochemical features like alteration of enzyme expression patterns or discrepancy in the staining
patterns, the transformation of hepatocytes into the hepatocellular carcinoma is broadly classified
into 3 stages such as initiation, promotion and progression. These three stages have different

pathophysiological features and play dominant role in selective pharmacotherapeutics [11].

1.3.1.1 Initiation

Exposing hepatocytes to the chemical carcinogens (diethylnitrosamine, aflatoxins, 2-
acetylaminofluorene, etc.) or ionizing radiation causes mutation as a result of alteration in DNA
sequence. The conversion of a normal cell into a cancer cell occurs due to the mutations where
activation of proto-oncogenes or inactivation of tumor suppressor genes results through specific
mechanistic pathway(s). The “initiators” are referred to the chemicals that initiate the process by
initially generating the electrophilic moieties that bind with DNA and disrupts the DNA repair

mechanism. This step is irreversible for a limited cell population on brief exposure to the

Babasaheb Bhimrao Ambedkar University (A Central University), Lucknow Page 2



Chapter 1 Introduction

initiators. The cells further develop focal lesions which act as origin sites for the successive
development of malignant forms [12].

1.3.1.2 Promotion

Initiated hepatocytes are unable to grow autonomously [12] although they gain the potential to
favor proliferation by possessing alterations in gene and protein expressions. Upon exposure to
an environment where initiated cells are at greater risk, further genetic alterations begin, causing
some reversible changes in the initiated cell populations. Repeated or long-term exposure to a
promoting agent (phenobarbital, dietary fat, ethanol, estrogens, chronic exposure of carcinogens)
or by some processes (e.g., partial hepatectomy), or by physiological condition (e.g., the neonatal
liver) or diseased liver (virus infected or cirrhotic liver), the initiated cells induce focal
proliferations. It begins with a selective, clonal amplification of the initiated cells into focal
proliferations. [11]

1.3.1.3 Progression

One or more focal lesions from the promotion phase further proceed for more genetic and
enzymatic alterations in the constituted hepatocytes, forming enzyme-altered foci. These lesions
are initially presented as a small morphological feature formed from a single lesion or merger of
multiple lesions and eventually transformed into hepatic nodule (macroscopic presentation) in
the liver [11]. Due to the presence of biliary content, these macroscopic structures appear greyish
or greenish. Without any extra intervention of external stimulus, slow alterations in the genetic
levels and biochemical levels results in increased malignant features for hepatic nodules or

hepatic altered foci and are permanently transformed into neoplasia [12].

1.3.2 Signs and symptoms

Patients with previous symptoms of chronic liver disease show occurrence of HCC. At the time
of cancer detection, the histopathological investigations often show worsening of signs and
symptoms. The most important clinically expressed features include inadvertent loss of weight,
loss of appetite, abdominal swelling, weakness and fatigue, yellow discoloration of skin, nausea

and vomiting, easy bruising from blood clotting abnormalities, abdominal pain, etc [13].
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1.3.3 Risk factors associated to development of HCC

Cirrhosis and chronic liver disease continue to the most important jeopardy issue for the
progression of the HCC. The gratuitous consumption of alcohol and viral hepatitis are the
overriding aspects perceived worldwide [14].

Hepatitis-C and hepatitis-B linger the most important pervasive motive of the chronic hepatitis
which can steadily directs towards cirrhosis and in due course to HCC. The transmission of
Hepatitis B is carried out through grimy intravenous injections, infected blood transfusions, and
via unprotected sexual contact [15]. Numerous epidemiological investigations have revealed
incredible hepatocarcinogenicity with chronic infection from hepatitis B virus (HBV) [16].
However, only 10%-25% of them develop the symptoms. As well, HBV is exceptional in
building up HCC devoiding any substantiation of the cirrhosis [17]. Treatment with HBV
specific anti-virals or vaccination has the ability to minimize the HCC symptoms to the highest
extent [18]. Additionally, hepatitis C virus (HCV) has been identified as the initiator of the HCC
having traditional cirrhosis [19]. Antiviral pharmacotherapy lessens the HCC occurrence by 54%
in case of HCV infection [20].

Aflatoxin produced by Aspergillus species found in grains and soybeans stored in
warm humid conditions is considered as potent hepatocarcinogen. The risk of HCC with
aflatoxin is greatly influenced by the dose and duration of exposure to it. Aflatoxin
exerts a synergistic effect on HBV and HCV-induced HCC and thus, the risk becomes
30-fold greater with hepatitis B plus aflatoxin exposure when compared to that of the
aflatoxin exposure alone [21]. After the removal of most potent aflatoxin, AFB1, from

the environment, a considerable reduction in the incidence of HCC occurs [22].

In the HCC expansion, consumption of alcohol remains the prime reason where the amount of
alcohol establishes the time-dependent relationship [23]. The key factors, obesity and diabetes
mellitus (DM) amplifies the HCC condition to several-folds. DM affects the human liver
unswervingly as the glucose metabolism process occurs imperatively. DM demonstrates
cirrhosis, chronic hepatitis, liver failure, fatty liver, etc [24]. The association of DM with HCC
has been reported by El-Serag et al. in a review where the researchers depicted several cohort-

based studies and numerous case—control studies [25].
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Hemochromatosis is a disorder concerning iron that is preliminary differentiated by an
overfilling of concentration of body iron. Moreover, thalassemia (a prevalent iron overloading
state) has been found to be closely associated in the progression of HCC. The relations of
thalassemia and HCV have been found recently and researchers have stated that the above
condition precipitates HCC conditions [26].

N-nitrosodiethylamine (NDEA), a carcinogen, produces hepatocellualar carcinoma via metabolic
activation of hepatocyte through CYP 450 enzyme. NDEA is a class of DNA alkylating agent
which leads to formation of mutagenic DNA adduct [27]. Aflatoxins have been reported
carcinogenic properties in various studies and particularly AFB; have been characterized as
carcinogen in various experiments [28]. NDEA is one of the most acceptable hepatotoxic
chemicals which is processed liver fibrosis, chronic liver injury, liver cirrhosis and ultimately

develops to hepatocellular carcinoma [29].

Glutamine generally acts as a fuel for the HCC growth because cancer consume large amount of
the glutamine and is used as the energy source for the cancer. Glutaminolysis is considered a
hallmark of tumor cell metabolism. In mitochondria, glutamine is oxidized into glutamate in

presence of glutaminase enzyme and further it is converted to 2- oxoglutarate [30].
1.3.4 Pathophysiology of HCC
1.3.4.1 Diagnosis

The hepatic nodules can be spotted by Ultrasounds (US) techniques, comprising of contrast-
enhanced ultrasound (CEUS) technique, and through miscellaneous non-invasive systems like
multi-detector computed tomography (MDCT), magnetic resonance imaging (MRI), positron
emission tomography (PET), etc. The typical vascular profile/hallmarks of HCC on dynamic
imaging is discerned by the hypervascularity phenomenon in the arterial phase with a scrub
down in the portal vein or late segments as judge alongside the neighboring liver parenchyma
[31].

1.3.4.2 Treatment
Frequent pharmacotherapeutic penchants are reachable for HCC, depending on confined

quantifiable proficiency, co-morbidities, stage of HCC, and liver function. A multidisciplinary
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team, comprising of pathologists, hepatologists, surgeons, radiologists, and oncologists is
elementary for the appropriate supervision.

1.3.4.3 Surgery

The estimation of liver functional reserve prior to surgical resection is elementary the utmost
quantity of liver mass that can be securely eliminated while overestimation of liver functional
may result in hepatic failure. Conversely, poor resection may notably augment the jeopardy of
initial reappearance of HCC. The most important methods to evaluate liver function before
hepatectomy are the indocyanine green (ICG) test, 99mTc-galactosyl human serum albumin liver
scintigraphy and the galactose tolerance test.

1.3.4.4 Liver transplantation

Liver transplantation (replacing the diseased liver with a cadaveric or a living donor liver) has
become a feasible alternative for several patients with HCC, given the advances in

immunosuppression and surgical techniques.
1.3.4.5 Targeted Systemic Chemotherapy

e Sorafenib (Multi-kinase inhibitor targeting VEGFR, PDGFR and Raf-family kinase)
e Everolimus (mMTOR inhibitor)

e Tivantinib (MET receptor tyrosine kinase inhibitor)

e Brivanib (Fibroblastic growth factor receptor and VEGFR inhibitor)

e Sorafenib and radio-embolization

e Linifanib (PDGFR and Multi-kinase inhibitor targeting VEGFR)

e Sorafenib and TACE combination

1.4 Literature review
Triterpenoids, originally a terpenoid (additionally known as isoprenoids), the biggest gathering

of characteristic items to which the betulinic acid analogs additionally have a place. These
chemical compounds comprise of six isoprene units and can be segregated from various plant
sources [32]. Virtually all terpenes have same pharmacological activities in animals, including

man and withal play a paramount role in human medicine. From this perspective, the most
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consequential group of terpenes are triterpenes, triterpene glycosides, (withal known as

saponines), and other triterpenoids, representing one of the numerous classes of natural

compounds [33]. Betulinic acid, a product found in nature, was obtained from the Dillenia indica

stem bark (family: Dilleniaceae), having a pentacyclic triterpene nucleus with the broad

spectrum of biological and pharmacological activities like anti-cancer, anti-malarial, anti-HIV,

anti-bacterial, anti-inflammatory, anthelmintic, anti-nociceptive activities, etc [34,35,36,37].

Several authors have been demonstrated their different views over the pharmacological action of

betulinic acid. In view of the same, betulinic acid works through different targets for different

biological activities which are following as.

Dutta and colleagues (2015) synthesized novel compounds of betulinic acid derivatives
and evaluated their structure active relationship by evaluating their in vitro cytotoxic
potentials against four human cancer cell lines HT29, U937, MCF-7, HepG2, and non
cancerous human PBMC. The study collectively indicated that one derivative namely
BC-SM-05 induced apoptosis in HT29 cells via mitochondrial dependent pathway

providing a promising therapeutic efficacy against colon cancer. [38]

Yang et al. (2015) discovered that p>*-p®*/miR-21-Sod2 signaling is vital for BA-
inhibited growth of tumors and cell proliferation particularly in case of hepatocellular

carcinoma. [39]

Fulda and Kroemer (2009) reviewed the anticancer activity of B towards various cancer
related molecular targets and stated that the antiproliferative activity of B is manifested
by downstream directive of the Bcl-2 family proteins like Bcl-XL and Bcl-2 where all the

mitochondrial and cellular manifestations of apoptosis are induced in cancer cells. [40]

Fulda and Debatin, (2000) identified B as a new cytotoxic agent active in treating
neuroectodermal tumors including neuroblastoma in vivo. In this context, authors
unveiled that B generally induced apoptosis by a direct effect on mitochondria
independent of accumulation of wild type p53 protein and independent of death inducing

ligand/receptor system such as CD95. [41]
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e Tan Y et al. (2003), revealed that betulinic acid stimulated apoptosis in the human
melanoma cells through the inhibition of pro-apoptotic SAP/JNK kinases and p38 MAPK
(with no transmutation in the phosphorylation of ERK). [42]

e Aiken C, Chen CH (2005) stated that betulinic acid and their various derivatives induce
anti-HIV activity through inhibition of protease dimerization, a prerequisite for protease
activation. [43]

e Hashimoto et al. (1997) revealed that betulinic acid and dihydrobetulinic acid derivatives
introduces anti HIV potential via inhibition of HIV-induced membrane fusion and also
block PMA (phorbol 12-myristate 13-acetate) induced viral expression. [44]

e Subramanyam et al. (2009), explored that the binding attraction of human serum albumin
(HSA) with various drugs is also increased after betulinic acid treatment, because
betulinic acid increases the mass of HSA approximately 444 Da, mass raised from 65199
Dalton to 65643 Dalton (betulinic acid treated HSA) using micro TOF-Q mass
spectrometry technique. [45]

e Chandramu et al. (2003), stated that the plant extract of betulinic possesses anti-feedant
activity, the study was performed against the castor semilooper (Achoea janata) larvae
(third instar) and antibacterial activity of betulinic acid was examined against Escherichia

coli and Bacillus subtilis [46]

e Osunsanmi et al. (2015), investigated that anti-platelet aggregation perspectives of
betulinic acid was concentration dependent and the study concluded that higher platelet
aggregation inhibition was found at 10mg/mL concentration against the platelet agonists

adenosine diphosphate (ADP), thrombin and epinephrine. [47]

e Tsaietal. (2011), explored that the anti-inflammatory activity of betulinic acid can reveal
by down regulation of COX-2 and NO levels in A-carrageenan induced edema paw

tissues of mice on the basis of several studies. [48]

e Da Silva et al. (2013), revealed that novel semi-synthetic triterpene derivatives produces

antimalarial activity through inhibition of potentially toxic B- haematin formation, as well
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as ferriprotoporphyrin IX formation and the experiment was performed against P.
falciparum 3D7. [49]

e Fulda S (2008) revealed that betulinic acid has anti-carcinogenic characteristics that in
the main way generate the apoptosis signaling surge via the commencement of caspase-8
and caspase-3. [50]

e Xu et al. (2012), studied the absorption pharmacokinetics of the betulic acid in the
intestines of rats and revealed that betulinic acid is a class of natural products that has
poor oral absorption and bioavailability which may lead to lower effectiveness. [8]

e Wick et al. (1999), stated that the anticancer property of betulinic acid is mainly due to
the activation of mitochondrial Bcl-2 pathways where caspase enzymes, various pro-
apoptotic (BAX and BAD) and anti-apoptotic (Bcl-2 and Bcl-xl) proteins are involved.
[51]

1.5 Research Envisaged

Betulinic acid (B) is a pentacyclic triterpenoid of natural origin with remarkable anticancer
activity; however, its less oral bioavailability makes itself towards poor therapeutic efficacy.
Recent investigations suggested that the bioavailability may be increased through the preparation
of nanoparticles using PLGA, poly(lactic co-glycolic acid). Therefore, we aimed to prepare
PLGA, loaded B nanoparticle (BNP) and characterization would be done with various analytical
parameters. Later, pharmacokinetic studies of B and BNP would be find out using the Albino
Wistar rats and data will be compared with standard B. Finally, antiproliferative potential against
the hepatocellular carcinoma would be tested by in vitro human hepatoma cell lines (Hep-G2

cells).

Further, in vivo antiproliferative effects would be assessed using N-nitrosodiethylamine
(NDEA)-induced hepatocellular carcinogenic rats. Various physiological, biochemical,
morphological parameters in plasma and hepatic tissues would be performed to find out and

compare the effects of B and BNP after oral administration.
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Figure 1 A brief rationale of the designed experiment

Again, various enzyme linked immunosorbent assay (ELISA), (Caspases, i-NOS, e-NOS and
interleukins: 1L-1R, IL-2, IL-6, IL-10), gqRT-PCR and western blot based gene expression study
would be performed to determine the mechanism of action of B and BNP. Further gRT-PCR data
based mathematical modelling would be performed to perform to determine the prospective of B
and BNP to induce apoptosis to the cancer cells. Finally, metabolic perturbations in plasma
would be carried out through NMR to evaluate metabolic changes during cancerous condition
and after treatment. In conclusion, BNP may be a better alternative for hepatic carcinoma therapy

for future drug design perspectives.
1.6 Objectives

1.6.1 Isolation of betulinic acid (B )from Dillenia indica and its characterization
1.6.2 Preparation of betulinic acid nanoparticle (BNP) and its characterization
1.6.3 Invitro ameliorative effect using human hepatoma cells (Hep-G2)

1.6.4 In vivo pharmacokinetic study using albino Wistar rats
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1.6.5 In vivo antiproliferative action using N-nitrosodiethylanine (NEDA)-induced
albino Wistar rats
1.6.6 NMR based metabolomic studies

1.7 Plan of work

1.7.1 Literature survey

1.7.2 lIsolation of B from Dillenia indica and its characterization

1.7.3 Preparation of BNP and its characterization

1.7.4 Particle size, polydispersity index, zeta potential, entrapment efficiency, drug loading,
in vitro release study, FTIR study and SEM.

1.7.5 Invitro ameliorative effect using human hepatoma cells (Hep-G2)

1.7.6 Cellular uptake study through confocal microscopy

1.7.7 Approval for animal study

1.7.8 Acquisition of animals (albino Wistar rats)

1.7.9 Acclimatization of animal

1.7.10 In vivo pharmacokinetic study

1.7.11 Invivo Treatment study

Animal study on albino Wistar rats (n= 8).

Table. 1 Treatment schedule

Group Treatment Dose Route of

Administration

NC Carboxymethyl 0.25% CMC (2 mL/kg) Oral (p.0.)
Cellulose

CC N-nitrosodiethylamine | 100 mg/kg Weekly for 6 Weeks | Intra peritoneally
(NDEA) (i.p.)

PC NDEA+5-Flurourecil 100 mg/kg Weekly for 6 Weeks I.p.

+10 mg/kg, 15 days
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NDEA+B 50 NDEA+B 50 100 mg/kg Weekly for 6 Weeks I.p.+ p.o.
+50 mg/kg, 15 days

NDEA+B100 NDEA+B100 100 mg/kg Weekly for 6 Weeks I.p.+ p.o.
+100 mg/kg, 15 days

NDEA+BNP NDEA+BNP 50 100 mg/kg Weekly for 6 Weeks I.p.+ p.o.
50 +50 mg/kg, 15 days

NDEA+BNP NDEA+BNP 100 100 mg/kg Weekly for 6 Weeks I.p.+ p.o.
100 +100 mg/kg, 15 days

1.7.12 Physiological parameter

1.7.12.1 Initial day body weight
1.7.12.2  Final day body weight
1.7.12.3  Weight variation
1.7.12.4  Liver weight

1.7.125 Tumor incident number
1.7.13 Enzymatic parameter analysis

The blood sample would be collected from retro-orbital pluxes after treatments rats will be
sacrificed by decapitation and liver would be collected. The serum samples would be subjected

to.

1.7.13.1  Aspartate aminotransferase (AST)
1.7.13.2  Alkaline phosphatase (ALP)
1.7.13.3  Alanine aminotransferase (ALT)
1.7.13.4 Lactate dehydrogenase (LDH)

1.7.14 Biochemical studies on hepatic tissues

1.7.14.1 Tissue glutathione reduced (GSH)
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1.7.14.2  Thiobarbituric acid reactive substances (TBARS)
1.7.14.3  Tissue super oxide dismutase (SOD)

1.7.14.4 Tissue catalase (CAT)

1.7.145 Tissue protein carbonyl (ProC)

1.7.14.6  Bilirubin

1.7.14.7  Biliverdin

1.7.15 ELISA

1.7.15.1  Total nitrite/nitrate content

1.7.15.2 NOS

1.7.15.3 i-NOS and e-NOS

1.7.15.4 Caspase 3 and caspase 8

1.7.15.5 Interleukins: IL-1RB, IL-2, IL-6 and IL-10

1.7.16 gRT-PCR based gene expression study
i-NOS, e-NOS, BAD, BAX, Bcl-2, Bcl-xl, Cyt-c, caspase 3 and caspase 9
1.7.17 Western blot analyses
BAD, BAX, Bcl-2 and B- actin
1.7.18 gRT-PCR data based mathematical modelling
1.7.19 Lipid profile analysis

1.7.19.1 Total cholesterol (TC)

1.7.19.2 Triglyceride (TG)

1.7.19.3 High density lipoprotein (HDL)
1.7.19.4  Low density lipoprotein (LDL)
1.7.19.5 Very low density lipoprotein (VLDL)

1.7.20 Metabolic perturbations in plasma through NMR

1.7.20.1  Stock plot
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1.7.20.2 Orthogonal projection to latent structure with discriminate analysis
(OPLSDA)

1.7.20.3 VIP Score

1.7.20.4  Box-cum-whisker plots

1.7.20.5 Heat map

1.7.20.6  Pathway impact

1.7.20.7 Metabolic pathway

1.7.21 Morphological changes

1.7.21.1 Histopathology
1.7.21.2 SEM

1.7.22 Statistical analysis

Data would be analyzed as mean£SD (n=8). Statistically significant differences will be observed
between CC and test groups [one way ANOVA followed by Bonferroni multiple comparison test
(***p<0.001, **p<0.01 and *p<0.05)]
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Chapter 2 Isolation, Formulation and In vitro Anticancer Activity

2. Introduction

As per discussion in previous chapter, we aimed to isolate betulinic acid (B) from stem bark of
Dillenia indica (family: Dilleniaceae) that contain pentacyclic triterpenoid unit which have
remarkable anticancer activity [1]. Successive solvent extraction approach was adopted for
isolation of B from air-dried, powdered and defatted plant material. However, its less oral
bioavailability makes itself towards poor therapeutic efficacy, considering this shaft line we
decided to formulate PLGA nonoparticle of B (BNP) [2].

Biodegradable nanoparticles are the most promising components in the modern
pharmacotherapeutics for the extended release of several hydrophobic molecules (drugs). PLGA-
based nanoparticles have been comprehensively studied and a number of products are currently
available at present in the drug market [3,4]. In the road of progress, for surmounting the
probable stern side effects of the drugs produced on systematic administration for long period,
these biodegradable nanoparticles are boon for the approach of controlled drug delivery [5,6].
The submicron size of the nanoparticles, it offers additionally great advantages for site specific
controlled delivery of the drugs [7]. PLGA copolymers, owing to its unique features are
frequently applied for the controlled delivery of drug molecules and biological products
(enzymes, cytokines, proteins, vaccines, etc.) [8-12]. The release of an ideal hydrophobic
molecule in a controlled manner from the PLGA nanoparticles exclusively depends on size
distribution, particle size, surface morphology, drug incorporation, and drug content [13]. The
mechanism of drug release such as Higuchi’s model, first-order, Korsemeyer-Peppas model, etc.
plays critical function in estimating the influence of the above characteristics over the in-vitro

drug release behavior.

An efficient emulsification and solvent evaporation technique was employed for PLGA
nonoparticle development. Once the formulation and characterization have been completed,
parent B and BNP were subjected to in vitro cell cytotoxicity on Hep-G2 cell line to investigate
their anticancer potential against HCC cells. Further confocal lesser microscopy analysis of B

and BNP were subjected to analyze their cellular uptake capacity against Hep-G2 cell line.
2.1 Materials and methods

2.1.1 Isolation and characterization of B
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2 kg stem bark of Dillenia indica was procured exclusively during mid July from the coastal
areas of West Bengal. The plant was authenticated at Shakti College of Pharmacy, Balrampur,
Dist. Lucknow, Uttar Pradesh, India. The voucher specimen of reference number
SCOP/2017/829 was obtained and deposited for future requirements.

The stem bark was kept under shade, dried in air, powdered coarsely, petroleum ether was used
for defatting in a temperature range of 60°C—80°C. By employing the solvent extraction method,
using the Soxhlet apparatus, the extraction process was conducted utilizing the methanol: water
solvent system in the ratio of 98:2 v/v. The extracted samples were evaporated through rotary
vacuum evaporator (IKA, Konigswinter, Germany) to obtain the dry content. Further, methanol
was employed to crystallize the content (Yield: 9.2% w/w).

Yield: 9.2%; melting point: 298°C; Fourier-transform infrared (FTIR; KBr) 3,630, 2,980, 2,934,
1,638, 1,480, 1,362, 1,195, 1,123, 784 cm-1; 1H NMR (DMSO-d6) 0.73, 0.85, 0.95, 1.01 and
1.73 (5 s, 15H, all tertiary -CH3), 1.39 (m, 2H, H-21), 1.40 (m, 2H, H-16), 1.44 (m, 2H, H-20),
1.51 (m, 4H, H-18, H-19 and H-15), 2.19 (m, 3H, H-1 and H-9), 2.30 (m, 2H, H-14), 3.04 (s, 2H,
H-2), 4.37 (s, 2H, H-7), 4.64 (2, 2H, H-11), 4.77 (s, 2H, H-12), 12.16 (s, 1H, -COOH); 13C
NMR (DMSO-d6) 14.85, 16.21, 16.42, 18.45, 19.40, 20.33, 25.54, 27.62, 28.57, 28.78, 29.33,
31.54, 36.79, 37.19, 38.97, 40.33, 40.71, 42.47, 44.65, 48.98, 50.38, 55.34, 55.88, 61.80, 77.23,
110.13, 118.13, 150.79, 177.12 and electrospray ionization mass spectrometry (+ve mode)
(M+H)+ m/e 457.8.

OH

HO

Figure 2 Structure of isolated betulinic acid (B)
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2.1.2 Preparation of betulinic acid nonoparticle (BNP)

Emulsifcation and solvent evaporation techniques were adopted for the preparation of BNP. By
employing the homogenization process and sonication process, smaller particle size was attained.
In chloroform (3 mL), 2.5 mg of B and 50 mg of PLGA were dissolved. 12 mL of aqueous
polyvinyl alcohol (PVA) was added in different concentrations (w/v) [Formulations A and B: 2%
PVA; Formulations C and D: 4% PVA; and Formulations E and F: 6% PVA] and sonicated
[360 W (at 30% amplitude)] for 15 to 30 min (Table 1). For 20 min, all the mixtures were
homogenized in a refrigerated centrifuge having temperature of 4°C at 20,000 rpm. For
completely removing the organic solvent, the mixture was overnight stirred using a mechanical
stirrer. Further, ultracentrifuge was employed at a temperature of 4°C for 25 min duration at
30,000 rpm centrifugation to harvest BNP. The obtained content was thoroughly washed with
distilled water, further recentrifuged, and stored at 4°C in vacuum desiccators for future
applications. This procedure was supplementarily being employed for preparing large-scale (20
times more) [14].

2.1.3 Particle size, polydispersity index (PDI) and zeta potential

NanoPlus® Zeta (nano particle analyzer) was employed for determining the PDI and particle size
of BNP batches by using the disposable zeta cells. The system comprised of evaluating the
desired properties through 4 mW helium—neon laser beam that emit at 633 nm at 173° back
scattering angle by photon correlation spectroscopy (PCS). The study was performed in a
triplicate manner. In electrophoretic zeta cells, the prepared aliquots were introduced and the zeta

potentials were suitably analyzed by the Smoluchowski equation [14].
2.1.4 BNP entrapment efficiency (%) and loading capacity (%)

Shimadzu LC-20AD (Kyoto, Japan) chromatographic system comprising of photodiode array
detector was utilized for estimating the entrapment efficiency of BNP. The stationary phase
comprised of Grace reversed phase (RP)-Cis column having dimension of 250 mm length,
internal diameter of 4.6 mm, average particle size of 5.0 um, and sustained at an ambient column
temperature 25°C. The mobile phase comprised of acetonitrile: water in the ratio of 9:1 v/v. The
flow rate was kept 1 mL/min at gradient elution mode for 15 min run-time duration. The content

was analyzed using the chromatogram photodetector at 230 nm. By using the solvents;
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acetonitrile: water in the ratio of 1:1 v/v, the column was thoroughly washed after each and every
run. For determining the B concentration in each of the solution, the graph comprised of
concentration (X-Axis) vs. peak area (Y-Axis) was initially prepared with equation y = 211.97x
+3.99 and R? = 0.9987. RP-HPLC system was used to determine the mass in the supernatant
(produced by centrifugation for 20 min at 20,000 rpm) before and after nanoparticulation. The
actual loading capacity and the encapsulation efficiency were computed from the following
formulae and expressed in percentage:

Mass of B originally taken —Mass of B in supernatant
ginally p |x100 [14]

% B entrapment efficien =[
% B ent apment efficiency Mass of B originally taken

Weight of drug

% B loading capacity = |— |x 100 [15]

ght of microsphere
2.1.5 In vitro release studies

The batches containing BNP equivalent to approx. 2 mg of B was subjected to evaluation for
drug release under in vitro conditions. The batches were dissolved in phosphate buffer (100 uM,
pH 7.4) of 1 mL volume and into the dialysis bags (Cut-off M.W. 10kDa) (Thermo Fisher
Scientific, USA), the prepared dispersions were washed. The glass vials containing phosphate
buffer of 10 mL volume at temperature of 37°C over a shaker bath served as the system on which
the dialysis bags were carefully placed. 2 mL of the medium content was taken from the vials
and sink condition was maintained by replacing with the fresh buffer medium of same volume.
The amount of drug release per unit time was spectrophotometrically determined at 230 nm. The
experiment was performed in a triplicate manner and the cumulative drug release was plotted
against time [14,15]. The drug release was applied to Korsmeyer—Peppas model and K-value and

n-value were determined using the GraphPad Prism 5.0 software.
2.1.6 FTIR and scanning electron microscopy (SEM) studies

For determining the plausible interaction between the drug (B) and polymers (PLGA, PVA), the
FTIR studies (Thermo Fischer Scientific Nicolet™ 6700) were performed in the range of 4,000
cm *-400 cm*. The spectra for B, PLGA, PVA, and BNP were recorded after mixing the
compounds (5 mg) with KBr (200 mg) and pelletized at 1,000 psi.
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The samples for SEM (JEOL JSM-6490LV, Tokyo, Japan) were prepared by slightly sprinkling
powder on a double adhesive tape stuck to an aluminium stub. Afterwards, the stub containing
the coated samples was placed in the scanning electron microscope (SEM) chamber. The
samples were then randomly scanned and photomicrographs were taken at the acceleration
voltage of 15 kV and the result of SEM was reported.

2.1.7 Cell culture and sulforhodamine B (SRB) assay

National Cell Repository (NCCS, Pune, India) provided the HepG2 cell line which was cultured
later for in vitro testing in our laboratory. The liver cells were cultured successfully in a T-75
flask with Roswell Park Memorial Institute (RPMI)-1640 medium containing L-glutamine (2
uM) and fetal bovine serum (10%) in 95% air, 5% COp, relative humidity of 100% and
temperature of 37°C for the duration of 24 hr. After successful culturing of the cells, 100 pL.
concentrations of the cells were inoculated at a concentration of 5x10° cells/well into 96 well
plates. At 100 ug/mL concentration, the solutions of compounds of interest were prepared in
dimethyl sulfoxide (DMSO). Further, the content was diluted with distilled water to produce 1
mg/mL concentration and stored under frozen state before the commencement of study. To each
of the well, varied concentrations; 10 pg/mL, 20 pg/mL, 40 pg/mL, and 80 pg/mL of compound
containing medium were added and further incubated for 48 hrs duration at standard conditions.
Trichloroacetic acid (30%) of 50 puL concentration was added to the above content and incubated
at a temperature of 4°C for 1 hr duration for terminating the reaction. The plates were washed
with tap water for five times and dried under air. Moreover, in 1% acetic acid, SRB solution of
50 pL concentration was added to achieve the desired content of 0.4% w/v and further incubated
at room temperature for 20 min time duration. After successful staining, five times washing was
done with acetic acid (1%) to remove the residual dye and the plates were dried in air. The
elution of the bound stain was done subsequently with the help of 10 uM Trizma base and at
wavelength of 540 nm, the absorbance was recorded from the plate reader. The reference
wavelength was kept at 690 nm. The experiment was performed in a triplicate manner and the
average value was estimated. By employing the absorbance measurements, control growth
referred to (C), time zero presented by [Tz], five concentration levels represented by [Ti] and test
growth in the presence of drug, the % growth was estimated at each concentration levels of the

drug molecule. The % inhibition of the growth was computed from:
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(Ti — Tz

C_ TZ)X 100 for conventrations fot which Ti > Tz

Ti— Tz
( ) x 100 for conventrations fot which Ti < Tz
Glsp was calculated from [(Ti — Tz)/(C — Tz)] X100 = 50, which is the concentration of drug that

leads to 50% reduction in the protein net content enhancement (as measured by SRB staining) in
the control cells during the incubation of the drug [16].

2.1.8 Confocal laser scanning microscopy

On a Lab-Tek chambered cover glasses (Nalge Nunc International, Naperville, IL, USA), HepG2
cells were seeded. The content was incubated in 95% air, 5% CO, environment at 37°C
temperature, until majority of the cells confluent (~70%). Hank’s buffered salt solution (HBSS;
pH 7.4) was used to replace the above growth medium on the day of study. The content was
equilibrated with HBSS for 30 min at temperature of 37°C and fluorescein isothiocyanate
(FITC)-loaded BNP suspension was added to replace the buffer. Further, the monolayers were
incubated for 1 hr or 2 hr. The prepared monolayers were washed 3-times (to remove non-
complex nanoparticles) at the termination of the study with fresh transport buffer (pre-warmed).
70% ethanol was utilized for fixing the cells and in the fluorescent mounting medium, the
samples were mounted for confocal laser scanning microscopic analysis. The confocal system

comprised of FluoView FV300 (Olympus corporation, Tokyo, Japan), the imaging software [17].
2.2 Results

B suffers from poor oral bioavailability and limited solubility which results in low
pharmacological responses and therefore affects the therapeutic index [18-24]. The enhancement
in the solubility of poorly soluble drugs results in overcoming these problems and ultimately
leads to augmentation of oral bioavailability. By forming the nanoparticles of B, the solubility
was enhanced drastically. The drug has a very limited solubility in the polar solvents whereas
fair solubility was demonstrated in chloroform, a medium polar solvent owing to lipophilicity.
The nanoparticles (BNP) were fabricated with different PVA concentrations with
homogenization and 30 min sonication (Table 2). A stable, clear BNP dispersion in water was

found for all batches, with batch-B presenting the smallest particle size.
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Table 2 Characterization of BNP preparations. Data presented as mean=SD (n=3). Optimized

batch was Batch B (30 min sonication time with 2% PV A, BNP: Betulinic acid nanoparticles).

BNP
prepara-
tions

Sonication
time and %
of PVA
(Poly venyl
alcohol)

Particle
size (nm)

Zeta
potential
(mV)

Polydispersity
index (PDI)

Entrapment
efficiency
(%)

Loading
capacity (%)

Batch A

Batch B

Batch C

Batch D

Batch E

Batch F

Sonication
time: 15
min and
2% PVA
Sonication
time: 30
min and
2% PVA
Sonication
time: 15
min and
4% PVA
Sonication
time: 30
min and
4% PVA
Sonication
time: 15
min and
6% PVA
Sonication
time: 30
min and
6% PVA

353.9

257.1

568.4

509.4

679.3

657.7

-0.198

-0.170

-0.243

-0.215

-0.275

-0.269

0.234+0.011

0.356+0.002

0.081+0.011

0.060+0.015

0.057+0.016

0.129+0.012

67.23+5.47

84.56+3.96

57.11+3.98

60.67+2.89

61.33+4.55

56.22+2.75

7.25+0.53

11.13+0.60

6.67+0.48

6.91+0.39

7.05%0.43

6.38+0.27

2.2.1 Nanoparticle size, zeta potential and PDI

The developed BNP batches were characterized further by zeta potential, PDI, and particle size
(Table 2). 2% PVA played an imperative role in exhibiting smaller morphology (257.1 nm) of
the nanomaterial as evidenced from the batch-B. An ideal Gaussian particle distribution
(symmetry = asymmetry = 1) with an impressive zeta potential of —0.170 mV. On enhancing the

concentration of PVA to 6%, it was perceived that high levels have an oscillating effect on the
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particle size where no further reduction of nanomaterial resulted. PDI represents the molecular
mass distribution in the polymeric samples. The PDI was recorded within the O to 1 range.

2.2.2 Nanoparticle entrapment efficiency and loading capacity

The drug delivery efficacy (payload efficiency) is influenced by the entrapment efficiency and
plays dominant role in optimization process of nanoparticle batches. The most optimized batch;
batch-B presented the highest entrapment efficiency of 84.56% *3.96% with loading capacity of
11.13% +0.60%.

2.2.3 In vitro drug release and reaction kinetics

The cumulative percentage drug release of all the fabricated BNPs were shown in Figure 3A.
The release characteristics of all the nanoformulations were found to be biphasic with higher
initial drug release (upto 300 min / 5 hr) that indicated surface adsorption of the nanoparticles.
Although, every batches illustrated faster release upto 1,440 min. The particle size has critical
role on the drug release characteristics of all the batches. Both the batches A (~70%) and B
(~80%, highest) demonstrated higher drug release profile as compared to the other prepared
batches. The activities such as sonication, homogenization, and use of low concentration PVA
effectively resulted in the lower particle size formation. The optimized batch-B expressed the
best Gaussian particle distribution, sustained release profile, and smallest particle size. The drug
release from all the batches followed the zero-order kinetics model that was regular with the
prolonged-release of the drug from the system. The Korsmeyer—Peppas model (Mt/Ma = Ktn)
was pertained to demonstrate the release kinetics, where Mt is the mass released at time point
“t”; Ma the total mass load; n is the release exponent, and K is the constant accommodating the

structural and geometric features. The value of release exponent (n) was found to be 0.9493.
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Figure 3 (A) In vitro release profile of BNP preparations. Results expressed as mean = SD (n =

3), (B) SEM images of B and BNP (Optimized batch B), (C) FTIR spectrum of (A) PVA, (B)
PLGA, (C) B, (D) BNP.

2.2.3SEM and FTIR studies

The morphological exploration of fabricated BNP batch-B was performed through SEM analysis.
The parent compound illustrated cylindrical shaped morphology which was transformed into
nanomaterial of uniformly spherical morphology (Figure 3B). The FTIR spectra of the parent
compound and its nanoparticle form presented analogous peaks. Both had hydroxyl (O—H)
stretching vibrations at 2,900 cm™ as well as carbonyl (C—O) stretching vibrations between 1,625

cm® and 1,650 cm™ which concluded that there was no such interactions among the drug
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molecule and the employed polymers (PVA and PVA). The polymers did not showed any such
interaction as evidenced from the characteristic peaks (Figure 3C).

2.2.4 In vitro cytotoxicity of B and BNP on the HepG2 cell line and confocal microscopy

Against the liver cancer cell line (HepG2), the drug (B), its nanoparticle (BNP), and polymers
(PVA and PLGA) were screened for in vitro cytotoxicity and compared with Adriamycin (ADR),
the reference drug (Figure 4A). The results revealed that both the polymers (PVA and PLGA) do
not produced any substantial cytotoxic effect against the hepatoma cell line. The PLGA-PVA-
loaded nanoparticle (BNP) expressed higher cytotoxic activity (Glsp = <10 pg/mL) as compared
to the parent molecule (Glsp = 10 ug/mL) against the HepG2 cell line. The nanomaterial was
found to exhibit superior anti-proliferative activity than plain B. The FITC-loaded nanoparticles
presented a significant macrophage uptake against Hep-G2 cell line in a different experiment set.
The fluorescence microscopy displayed peak uptake of BNP within 2 hrs of incubation. The
confocal micropictograms displayed the penetration of nanoparticles inside the cancerous
hepatoma cells (Figure 4B). Because of lower particle size of BNP, they entered into the
cancerous cells as compared to B. The anti-HCC activity was mediated by high content of B in

the localization of macrophage.
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Figure. 4 (A) Growth curve of B, PVA, BNP, PLGA, and ADR on HepG2 cells, (B) Confocal
microphotographs of FITC-labeled B (A-C) and FITC-labeled BNP (D-F) representing the
PLGA-loaded nanoparticles uptake in the cancer HepG2 cells. Bright field is shown in A and D,
green fluorescent channel displayed in B and E, and the overlay of channels are presented in C
and F.

2.3 Discussion

B has been identified as the prominent anti-cancer candidate in the modern day due to their

dominant anti-proliferative activity against a number of cell lines and normal cell sparing
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attributes. Therefore, broadens the therapeutic window successfully [20,21]. In several tumor
selectivity studies related to B, it has been identified that normal cells are more resistant as
compared to the cancerous cells, thereby indicating a high tumor selectivity of the compound
[25]. B incites a number of cascades that are direct involved in cellular death and also able to
overcome the associated drug resistance involved during the therapeutic regimens.

However, when it comes for in vivo therapeutics, rarely the drug impresses any researcher owing
to low aqueous solubility characteristics which leads to poor dissolution profile and ultimately
results in a poor bioavailability [26,27]. This situation necessitates the requirement for a reliable

delivery system that can plausibly augment the solubility characteristics.

The compliance with the evergreen statement of “necessity is the mother of invention” was
justified by our group where we fabricated nanomaterials of compound B, termed as BNP using
the polymers PVA and PLGA, thereby producing PLGA-PVA-BNP that demonstrated enhanced
solubility and translated boost in anticancer effects. Biopolymers such as PVA and PLGA were
employed as they are the safest among all for human use and also we had previously used these
biopolymers for andrographolide nanomaterial biosynthesis [14]. PLGA played a key role in
reducing the interfacial tension and stabilizing the nanomaterials [14,15] whereas PVA has
stabilization effect [28,29].

The sonication time (30 min duration) and PVA concentration (2%) of batch-B offered a great
reduction in the particle size of the nanomaterial. The release profile (~80%), entrapment
efficiency (~84%), and loading capacity (~11%) of BNP signifies its best overall performance.
The high viscosity of the dispersed phase results in maintenance of particle size, allowing swift
solidification, and reduces the leaching effect of the drug in the continuous phase. The FTIR
spectrum concluded no such interactions of the drug with the polymer. The process was
performed in commercial scale and a huge quantity of BNP was fabricated, characterized, and in

vivo studies.

When the nanoparticles (BNP) were screened against HepG2 hepatoma cell line, excellent
cytotoxic potential as well as selectivity (Glsp = <10 pg/mL) were perceived which was higher
than the parent compound (Glsp = 10 pg/mL). Although, PLGA-PVA nanoparticles imparted

remarkable anti-proliferative effect but the polymers were devoid of considerable in vitro
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potentials against cancer. Captivatingly, the in vitro study data reflected that the growth curve of
BNP at 10 pg/mL concentration demonstrates the controlled growth rates of 50% or <50%,
nevertheless, they do not emerge in the % control growth rate plot’s negative region. Therefore,
it is awfully anticipated that BNP has the effective capability to exterminate the cancerous cells
while diminishing the effect on normal cell death. This activity was additional authenticated
through the confocal images where it was observed that BNP presented good penetration ability
and penetrate into the Hep-G2 cell to a better degree than the parent B. Both the experiments

concluded that BNP presented higher anti-cancer potential than parent B.
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Chapter 3 In vivo Pharmacokinetic and Pharmacodynamic

3. Introduction

In consequence with the previous chapter, we have selected pure betulinic acid (B) and PLGA
noanoparticle of betulinic acid (BNP) for further in vivo pharmacodynamic and in vivo
pharmacokinetic analysis. In view of this, we firstly performed the in vivo pharmacokinetic
investigation of B and BNP in the plasma of rat at 100 mg/kg dose of oral administration [1].
This study was performed using reverse phase high performance liquid chromatography (RP-
HPLC) attached with photodiode array (PDA) detector. The intra-day and inter-day variations
were analyzed to find out the precision of the developed method. Additionally, to evaluate the
accuracy of the method, a recovery test was performed by spiking analytes into rat plasma using
different standard solvents. The optimized method is simple and robust for detection of B and
BNP in rat plasma and utilized in the pharmacokinetic study to determine absorption, distribution
and clearance rate of B and BNP.

Hepatocellular carcinoma (HCC) is one of the most lethal cancers with limited
treatment options [2]. This is probably due to the lack of clear and precise mechanisms
causing HCC pathogenicity [3]. As per reports, chemotherapy with standard cytotoxic agents
such as doxorubicin, cisplatin or 5-fluorouracil, shows below 10% response rate without a clear
benefit in overall survival [4,5]. In addition, these are poorly tolerated in patients as a result of
systemic toxicities and their associated adverse effects [6]. Although FDA approved drug
sorafenib is known for its established efficacy for HCC therapy, the response rate is very limited
due to local metastasis and chemotherapeutic resistance [7,8]. To overcome these shortfalls, the
natural products could be the alternative choice for hepatic cancer treatment [9]. Betulinic acid is
a naturally occurring product obtained from the stem bark of Dillenia indica, having a
pentacyclic triterpene nucleus with the broad spectrum of biological and pharmacological
activities like anticancer, antimalarial, anti-HIV, antibacterial, anti-inflammatory, anthelmintic,
antinociceptive activities [10,11,12,13]. In an extension to our attempts to produce effective new
therapeutic approaches for treating HCC, we explored the in vivo antiproliferative perspectives
of B and BNP involving the function of oxidative stress parameters and inflammatory mediators
in NDEA-induced HCC model in the male albino Wistar rats.

Chronic exposure to chemical carcinogens leads to several biochemical and genetic variations in

the cells. N-nitrosodiethylamine (NDEA), a known environmental hepatic carcinogen and one of
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the most toxic compounds has been employed as the inducer of tumor in diverse hepatic cancer
models. In addition to it, the genotoxic and the mutagenic properties have been identified so far
[14]. The cytochrome P4so enzyme-dependent metabolism of the NDEA results in reactive
oxygen species (ROS) generation along with production of several free radicals, which
ultimately results in the tumorigenic activity [15,16]. Presently, NDEA-induced HCC in rat
models is comprehensively employed as an archetypal experimental model to examine the
diverse hepatocarcinoma stages [17].

3.1 Materials and methods
3.1.1 Chemicals and reagents

HPLC grade acetonitrile (ACN), and water (H,O) were procured from the Himedia Laboratories
Ltd., Mumbai, India. Other required chemicals, like N-nitrosodiethyl amine (NDEA), 2,4-
dinitrophenylhydrazine (DNPH), and GSH, were purchased exclusively from Sigma-Aldrich
USA. AST Kkits, ALT Kkits, LDH kits, and ALP kits were obtained from Transasia Biomedicals
Pvt. Ltd., Baddi, India. Interleukin-2 Kits and Interleukin-6 kits were purchased exclusively from
Sigma-Aldrich, USA while interleukin IL-1p and interleukin-10 were attained exclusively from
Genetex Biotech Asia Pvt. Ltd., India. Caspase-8 and caspase-3 were acquired from Invitrogen
Bioservices (Thermo Fisher) India Pvt. Ltd., India. Analytical grade reagents, chemicals (99%
purity), and pure solvents were utilized for the research. In-house Borosil® distilled water system

was used for obtaining double-distilled water.
3.1.2 Experimental animals

Wistar albino healthy rats of single sex (male), having 80 g to 120 g weight were procured from
the Central Animal House Facility (CAHF), SD College of Pharmacy and Vocational Studies
(SDCPVS), Muzaffarnagar, India with association of Babasaheb Bhimrao Ambedkar University
(A Central University), Lucknow, India. After obtaining permission from the Institutional
Animal Ethical Committee (IAEC), SDCPVS (Ref No SDCOP&VS/AH/CPCSEA/01/0027), the
experiments and protocols were conducted with compliance to CPCSEA guidelines of Ethics,
Department of Animal Welfare, Government of India. All the methods were performed with
accord to the pertinent IAEC rules and directives. The experimental animals were kept under
controlled conditions (25°C+5°C temperature; 44%-56% relative humidity; and 12 hr light: 12
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hr dark cycle) in CAHF. The animals were kept inside the polypropylene cages, bedded with rice
husks. They were allowed to have free access to water and were fed with standard rat pellets.
Before, the commencement of experiment, the subjects were kept for 7 days and were suitably

acclimatized.
3.1.3 In vivo pharmacokinetic studies
3.1.3.1 Determination of BNP and B in rat plasma

In a separate experiment, BNP and B were orally administered at 100 mg/kg body weight to the
albino Wistar rats and blood was collected from retro-orbital plexus at 0.083 hr, 0.25 hr, 0.5 hr, 1
hr, 2 hr, 4 hr, 8 hr, 12 hr, 16 hr, 24 hr, and 48 hr time points from retro-orbital plexus (n=3).
After collection, blood samples were collected into 2 mL eppendorf tube containing EDTA
(Ethylenediaminetetraacetic acid) and centrifuged at 10,000 rpm for 10 min to separate the
plasma and stored at —20°C until analysis. HPLC analysis was conducted within 20 days of
plasma samples collection [18,19].

3.1.3.2 Preparation of plasma standards and test samples

In all, 1 mg/mL stock solution of B was prepared in ACN. A total of 0.02, 0.1, 0.2, 0.5, 1, 2, 5,
10, 50, 100 pg/mL of working solutions were prepared from this stock solution in ACN. In all,
100 pL of blank plasma and 100 uL of working solutions were taken in separate tubes and
vortexed for 30 min. Subsequently, the centrifugation process was performed at 13,000 rpm for
the duration of 5 min where the supernatant was separated and carefully taken into the other
centrifuge tubes and were dried further at 40°C temperature for the whole night. Afterward, the
centrifuge tubes were reconstituted with ACN (50 pL), vortexed for the duration of 10 min, and
20 pL volume was injected to the HPLC system for the chromatographic analysis. The final
concentrations of the working solutions were found to be 0.01 pg/mL, 0.05 pg/mL, 0.1 pg/mL,
0.25 pg/mL, 0.5 pg/mL, 1 pg/mL, 2.5 pg/mL, 5.0 pg/mL, 25 pg/mL, and 50 pg/mL, respectively.
Quality control (QC) samples were also prepared at concentrations of 0.005 pg/mL, 0.5 pg/mL,
and 40 pg/mL, representing high quality control (LQC), medium quality control (MQC) and low
quality control (HQC) samples, respectively. Triplicate calibrants and QC samples were prepared

at each concentration. For test samples, 100 uL of test plasma and 100 pL of ACN were taken in
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a test tube and vortexed for 30 min. The procedure was similar to the previously described
method.

3.1.3.3 HPLC conditions

For the plasma determination of B sample and BNP sample, separations were conducted through
a Waters® chromatographic system (LC-20AD) endowed with a photodiode array detector
system. The elution was performed on a gradient mode employing the mobile phase ACN:H,0 at
a ratio of 9:1. The flow rate was kept at 1 mL/min with 15 min runtime. The separation was
performed using RP-C18 column (5.0 u particle size, 4.6 mm internal diameter and 250 mm
length) with Amax of 230 nm, and the temperature was maintained at 40°C throughout the
experiment. The washing of the column was performed after each and every run by employing
ACN:H,0 as the elution solvent in ratio of 1:1 along with blank ACN injection. The final data
were analyzed by utilizing the software WinNonlin v.1.5.3.

3.1.4 In vivo pharmacodynamic studies
3.1.4.1 Experimental design

Wistar albino rats of 6-weeks age were employed. The experimental animal was allocated
randomly to the 7-groups, each having 8 candidates [20-22]. The following groups were

designed:

e Group 1: Normal control group; 0.25% carboxymethyl cellulose (2 mL/kg)

e Group 2: Carcinogen control group; 100 mg/kg of N-nitrosodiethylamine (NDEA)
through intraperitoneal (i.p.) route. It was administered once a week for the total 6 weeks
duration.

e Group 3: Positive control group; NDEA + 10 mg/kg of 5-fluorouracil (5-FU) through
intraperitoneal (i.p.) route. It was administered after the induction of HCC for 15 days.

e Group 4: NDEA + 50 mg/kg of B. It was administered orally after the induction of HCC
for 15 days.

e Group 5: NDEA + 100 mg/kg of B. It was administered orally after the induction of
HCC for 15 days.
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e Group 6: NDEA + 50 mg/kg of BNP. It was administered orally after the induction of
HCC for 15 days.

e Group 7: NDEA + 100 mg/kg of BNP. It was administered orally after the induction of
HCC for 15 days.

Recent reports [21,22] stated that in Wistar albino rats, HCC gets induced by injecting 100
mg/kg b.w. NDEA, once a week for six weeks duration. The adopted protocol involved
administration of NDEA to the experimental animals belonging to the Group-2 to Group-6 after
adapting and initial acclimatizing for 7 days. After administration of NDEA for the 6 weeks,
curative agents such as B, BNP, and 5-FU were administration against hepatic injury for the
duration of 15 days. After the termination of the study, the experimental animals were sacrificed
by the application of cervical decapitation method. The animal livers were immediately excised,
rinsed in ice-cold 0.9% saline, and further stored at -80°C temperature for further oxidative

parameter analysis, morphological investigations, and determining the apoptotic parameters.

3.1.4.2 Calculation of various physiological parameters

The alterations in the body weight were determined at the initial day and the final day of the
study, and the % weight gains were estimated. The carcinogenic nodules amounts and their
percentage occurrence were also estimated to scrutinize the cytotoxic outcomes between the

treated groups and untreated groups.
3.1.4.3 Estimation of various enzymes and antioxidant markers

The enzyme levels in the serum, including lactate dehydrogenase (LDH), aspartate
aminotransferase (AST), alkaline phosphatase (ALP) and alanine aminotransferase (ALT), were
determined by utilizing the available commercial kits. The oxidative stress parameters, including
catalase (CAT), protein carbonyl (ProC), superoxide dismutase (SOD), glutathione (GSH) and

thiobarbituric acid reactive substances (TBARS) were estimated in liver tissue.

3.1.4.3.1 Serum aspartate aminotransferase (AST) and alanine aminotransferase (ALT)
Working solutions were formed by initially dissolving 4 mL of reagent 1 (mixture of Lalanine

and a-ketoglutarate for ALT and mixture of L-aspartate and a-ketoglutarate for AST) and 1 mL
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of reagent 2 (mixture of nicotinamide adenine dineucleotide phosphate, NADP and lactate
dehydrogenase, LDH) and kept at 2 to 8°C for future use. The whole assay was performed in a
cuvette and each cuvette contained 1.0 mL of working solution and 0.1 mL of serum. This was
incubated for 1 min at 37°C and the change in optical density (AA340/min) was measured per
minute for the next 3 min using a UV/VIS Spectrophotometer (Labtronics, Australia). Data were
calculated by the following equations [23]:

AA340/min = [A340 (time 2) - A340 (time 1)]/[time 2 (min) - time 1 (min)]
ALT or AST Activity (U L™) = AA340/min x 1746
3.1.4.3.2 Plasma alkaline phosphatase (ALP)

All groups contained 1 mL buffer substrate and 3 mL distilled water. Later, 0.1 mL distilled
water, 0.1 mL phenol and 0.1 mL serum were added to the blank, standard and test groups,
respectively. All the groups, including the normal control, were incubated for 15 min at 37°C.
Then, plasma (0.1 mL) was added to the control group after incubation. All the tubes were mixed
properly and absorbance was measured at 510 nm of wavelength. Plasma ALP was calculated as
follows [24]:

ALP activity (U L™) = [A (test) - A (control)/A (standard) - A (blank)] x 7.1
3.1.4.3.3 Lactate dehydrogenase (LDH)

According to the manufacturer’s protocol, serum samples (0.1 mL) were added in working
reagent (1 mL) and at 340 nm, the absorbance was measured on regular intervals for 3 min at 1

min interval. Serum LDH was calculated as follows [24]:
AA340/min = [A340 (time 2) - A340 (time 1)]/[time 2 (min) - time 1 (min)]
LDH Activity (U L) = AA340/min x 16030
3.1.4.3.4 Tissue thiobarbituric acid reactive substances (TBARS)

TBARS assay was performed as per the method prescribed in the previous literature with slight
modifications [25]. 1.0 mL of 10% (w/v) tissue homogenate, 0.5 mL of 30% trichloroacetic acid

and 0.5 mL of 0.8% thiobarbituric acid were taken together in a falcon tube and covered with
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aluminium foil. Then, for 30 min time duration, at 80°C temperature, the tubes were kept in a
shaking water bath. Later, it was cooled for 15 min and centrifuged at 3000 rpm for 15 min.
Absorbance was recorded spectrophotometrically at 540 nM against blank in which tissue
sample is absent. The amount of MDA present in a sample was calculated according to the
following equation:

nM of MDA/mg of protein = (V x OD at 540 nM) / (0.56 x protein concentration)
where, V is final volume of the test solution.

3.1.4.3.5 Tissue protein carbonyl (ProC)

PC assay was performed as per the method prescribed in the previous literature with slight
modifications [24]. 10% tissue homogenate was formed in the distilled water. From this, 150 pL
of the tissue homogenate was taken into the eppendorf tube and precipitated by adding 500 pL of
10% trichloracetic acid. Then the tubes were centrifuges at 13,000 rpm for 2 min and supernatant
was discarded. Later, the cell pellets were incubated with 500pL of 0.2% 2,4-
dinitrophenylhydrazine with constant vortexing at every 5 min interval for 1 h. After that,
supernatant was removed and cell pellets were washed with 500uL ethanol:ethyl acetate (1:1)
solution three times. At last, pellets were dissolved in 600uL Guanidine Hydrochloride (6M) and
absorbance was measured at 360 nM. Blanks solution was prepared in the similar procedure

where cells were absent. The PC content was calculated as follows:
ProC (uM/ug of protein) = (A360 sample — A360 sample blank)/ g of protein
3.1.4.3.6 Tissue glutathione (GSH)

GSH assay was performed as per the method prescribed in the previous literature with slight
modifications [24]. 10% w/v tissue homogenate (0.2 mL) was taken in an eppendorf tube and 1.8
mL distilled water added to it. Simultaneously, we prepared precipitating solution by mixing
ethylenediaminetetraacetic acid disodium salt (0.2 g), sodium chloride (30 g), and glacial
metaphosphoric acid (1.67 g) in 100 mL distilled water. This precipitating solution was added to
the above mixture. The mixture was afterward permitted to stand for 5 min and filtered. To 2 ml
of filtrate, 1.0 mL of 0.4% w/v 5,5’-dithio-bis-2-nitrobenzoic acid and 8.0 mL of phosphate
solution (0.3 M) were added and centrifuged at 13000 rpm for the duration of 1 min. A blank
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was prepared in an alike way where the tissue section was absent. Afterward, the
spectrophotometric absorbance was determined at 412 nM. The Bradford reagent was employed
to estimate the total protein content and compared with the standard bovine serum albumin. The
tissue GSH content was calculated as follows:

GSH (mM/mg of protein) = (310.4 x Ei x OD at 412 nm)/mg of protein, where Ei is the
correction factor (0.542).

3.1.4.3.7 Tissue superoxide dismutase (SOD)

Determination of SOD in the test samples were performed as per the method prescribed in the
previous literature with slight modifications [26]. 100 pL of 10% cytosolic supernatant was
prepared with tris—hydrochloric acid buffer (pH=8.5) and final volume was adjusted up to 3.0
mL with the same buffer. Finally, 25uL of pyrogallol was added and change in absorbance was
recorded at 420 nM at one minute interval for 3 minutes. Blank was prepared in which tissue
sample was absent. One unit of SOD is described as the amount of enzyme required causing
50%inhibition of pyrogallol autooxidation per 3 mL of assay mixture and is given by the

formula:
Unit of SOD/ug or protein = [100 x [(A-B)/(Ax50)]]/ug of protein.

where A = Change in absorbance per minute in control and B = Change in absorbance per

minute in test sample.
3.1.4.3.8 Tissue catalase (CAT)

CAT enzyme estimation was performed as per procedure which was described previously [24].
10% (wi/v) tissue homogenate was prepared in 50mM phosphate buffer and centrifuged at 10000
rpm for 20 minutes. 50 uL of supernatant was added to a tube containing 2.95 mL of 19 mM
solution of hydrogen peroxide (H202) prepared in potassium phosphate buffer. Disappearance of
H202 was monitored at 1 min interval for 3 mins at 240 nM. CAT activity was calculated as

follows:

nM of H202/min/pug of protein = (AA/min x volume of assay)/(0.0719 x volume of sample x ug

of protein)
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3.1.4.4 Estimation of catabolic by-products
The levels of catabolic by-products (bilirubin and biliverdin) were estimated in liver tissue.
3.1.4.4.1 Tissue bilirubin

Bilirubin in liver was measured as per the following procedure published earlier in the literature
with slight modifications [24,27]. All the tissue samples were thawed and homogenized in
phosphate buffer saline (8.0 g sodium chloride, 0.2 g potassium chloride, 0.2 g potassium
dihydrogen phosphate, 1.15 g disodium hydrogen phosphate, 0.372 g ethylenediaminetetraacetic
acid disodium salt, pH 7.4). 500 pL of tissue homogenate (10%) was added to 2.0 mL of 1.5%
butylatedhydroxy toluene in acetone:ethanol (1:1) in a eppendorf tube. Simultaneously, fresh
diazo reagent was prepared by mixing 300uL of 10% sodium nitriteand 8.0 mL of 2M p-toluene
sulfonic acid, then combining 4.0 mL of this mixture with 2.0 mL of 2.1% p-iodoaniline in
glacial acetic acid, kept at room temperature for 2.0 min. Then this solution was diluted with
distilled water (10 mL) and 200pL of 1.5M ammonium sulfamate. This working diazo reagent
was kept on ice for 5min and 500uL was added to each sample homogenates. Diazo blank
reagent was freshly prepared by combining 2 mL of p-toluene sulfonic acid and 5.0 mL of 10%
ascorbic acid, followed by addition of 2.1% p-iodoaniline in glacial acetic acid and 2.0 mL of n-
butyl acetate, mixed and used immediately. Finally, all the tubes were incubated for 1 hour on
ice in dark. After incubation freshly prepared 3.0 mL of 1% ascorbic acid in 0.1 M sodium
chloride was added to each vial. All the vials were shaken vigorously, kept for 1.0 min and
centrifuged at 2400 rpm for 10 min. The absorbance of the upper organic phase was taken at 530

nM wavelength. The content of bilirubin was calculated as follows:
A530 sample — A530 sample blank = AA530Test
3.1.4.4.2 Tissue biliverdin

Estimation of biliverdin was performed as per the method prescribed in the previous literature
with slight modifications [24,27]. Tissue samples were homogenized in phosphate buffer saline
as per described in the previous section. 500 pL of tissue homogenate (10%) was combined with
500uL of 10 M glacial acetic acid, 400uL of 40 mM ascorbic acid, 500uL of double distilled

water and 100uL of 200 mM barbituric acid. Samples were incubated in a water bath at 95°C in
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dark and then samples were extracted with butanol, vortexed and centrifuged. The upper organic
layer was carefully removed and extracted with 2.5 mL 2M sodium hydroxide. The absorbance
of upper layer was taken at 535 nM wavelength. The content of biliverdin was calculated as

follows:
A535sample — A535 sample blank = AAS535Test
3.1.4.5 Estimation of cytokines by ELISA

Elevated levels of pro-inflammatory cytokines such as IL-2, IL-6, IL-10 and IL-1p in hepatic
tissue were examined by ELISA as per manufacturer’s instructions. Furthermore, the levels of

caspase-3 and -8 were also examined by ELISA as per manufacturer’s protocol [28].

3.1.4.6 Histopathological and Scanning Electron Microscopic (SEM) analysis of liver tissue
The histopathology and SEM analysis of liver tissue of various groups were performed.
3.1.4.6.1 Histopathology

Histopathological studies were also performed to find out the morphological changes of liver
cells after B and BNP administration. The hepatic tissues from each group were evaluated for
their morphological modification using eosin and hematoxylin staining. The hepatic tissues were
overnight conserved in 10% formalin overnight. Next day, the cells again were superseded by
70% isopropanol overnight. Presently, the tissues were made in contact with isopropanol at
various concentrations (70%, 90%, and 100%) and dehydrated by using 100% xylene. The tissue
samples were then embedded in bees wax and 5 UM sections were prepared by using microtome.
Then, the tissues were succeeded by hematoxylin and eosin staining and observed under

microscope (magnification 40X) [24].
3.1.4.6.2 SEM analysis

The hepatic tissue samples of 2-4 mm were taken carefully and primary fixation was performed
using the 2.5% glutaraldehyde for at 4°C temperature for the duration of 2-6 hr. Subsequently,
0.1 M phosphate buffer was employed for washing for 15 min duration at a temperature of 4°C.
Afterward, a postfixation agent, osmium tetroxide (1%) was employed for the duration of 2 hr at

4°C. Again, the samples were washed in 0.1 M phosphate buffer for three times at 15-min
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interval and kept at 4°C. Later, these samples were dehydrated with acetone at a variety of
concentrations (30%, 50%, 70%, 90%, 95%, and 100%). Later, all the samples were air dried at
critical point drying (31.5°C at 1100 psi) and room temperature. At last, samples were mounted
over the aluminum stubs with adhesive tape and scrutinized for the morphological modification
employing the SEM (JEOL JSM-6490LV) [24].

3.1.5 Statistical data analysis

Statistical data analysis was performed using GraphPad Prism 5.0. All results were expressed as
mean * standard deviation (SD). The data were examined by one-way analysis of variance
(ANOVA) followed by the Bonferroni multiple comparison test. Statistical significant
differences were considered with respect to the carcinogen control group (***p<0.001, **p<0.01
and *p<0.05).

3.2 Results
3.2.1 Determination of plasma concentration of B and BNP using HPLC

A linear regression performed over a range of 0.01-50 pg/mL yielded a correlation coefficient
(r2) of >0.9987 for B. The accuracy of the assay was found to be within 83%-94%, and recovery
of the samples was 75-81%. The compound B’s retention time (Rt) was observed to be 8.87 min
(Figure 5A). The time required to reach the maximum plasma concentration (Tmax), plasma
concentration reached 50% (t1/2), total area under the curve (AUC), and the maximum plasma
concentration (Cmax) as described in Figure 4B as well as Table 3 were found to be 8h, 11.11 h,
838.43 pg-h/mL, and 47.43 pg/mL for BNP and 4h, 10.73 hr, 133.81 ug-h/mL, and 10.34 pg/mL
for B, respectively. Higher Tmax from nanoparticles was observed because of nanoparticles are

present in blood circulation for longer time which improved the anti-HCC response in this study.
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Figure 5 Plasma-concentration studies (A) High Performance Liquid chromatogram of B. (B)

Plasma drug concentrations in albino Wistar rats of BNP and B after oral administration at

diverse time points.

Table 3 Pharmacokinetic parameters of B and BNP

Parameter B BNP
ta 10.73 11.11
Tmax () 4.00 8.00
Cmax (Mg/  10.34+0.45  47.43+0.75
mL)
AUMC 1724.12 12182.35
(ug.h*/ mL)
MRT (h)  12.88+1.35  14.53+1.56
CL (h) 0.007 0.0011
AUCy.,, 133.81+35.71 838.43+41.32
(Mg.h/mL)
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3.2.2 Calculation of physiological and biochemical parameters in liver

The protective effects of B and BNP were estimated through various physiological parameters,
including liver weight, body weight, and tumor incidence number in the rat liver. The body
weight variation in the carcinogen control group was more prominent than that in the normal
control group. The treatment with BNP, B, and 5-FU effectively regularized the body weight
disparity as perceived in the carcinogen control group. An augmentation in the tumor incidence
number and liver weight were perceived in the carcinogen control group. The treatment with
BNP, B, and 5-FU caused a lessening in the tumor incidence number and liver weight when
contrasted with the carcinogen control group. The general consequences of 100 mg/kg dose of
BNP was superior to 5-FU, the most popular chemotherapeutic agent (Table 4).

Table 4 Role of BNP and B treatment on the rat liver factors in NDEA-exposed carcinogenesis.
(CC: Carcinogen Control, NC: Normal Control, B: Betulinic acid (50mg/kg), PC: Positive
Control, B: Betulinic acid (100 mg/kg), BNP: Betulinic acid nanoparticles (50mg/kg) and BNP:
Betulinic acid nanoparticles (100 mg/kg).

Sr.  Groups Initial day body  Final day body Weight Liver weight Tumor
No. weight (g) weight (g) variation (g) (0)] incidence no.
1 NC 120.00+3.34 146.00+4.27 26.00+2.12 8.26+0.93 0.00+0.00
2 CC 121.00+2.23 102.00+1.46 -19.00£2.16 13.97+1.62 32.00+1.31
3 PC 115.00+4.68 125.00+£3.15%**  10.00+1.26%**  10.43+1.71***  6.00£0.83***
4 B(50) 121.00£1.89  132.0044.25%**  11.00+1.82%** 12.78+0.73 19.00£0.97***
5 B(100) 118.00+2.15 130.00£2.12*%**  12.004£2.93***  12.03+1.25%  14.00£1.01***
6 BNP(50) 114.00+2.12 130.00£2.19%**  16.0023.75%**  11.61+0.63**  12.00+0.84***
7 BNP(100)  120.00+1.89 142.00+4.78***  22.00+1.98%**  9.36+0.39***  4.00£0.31***

Note: Data represented here as meantSD (n=8). Statistically important disparity were detected
between test group with CC groups [one way ANOVA followed by Bonferroni multiple
comparison test (***p<0.001, **p<0.01 and *p<0.05)]

In addition to it, we stated that the carcinogen control group expressed a noticeable augmentation
in the hepatic damage marker enzyme stages of ALT, AST, LDH, and ALP in the rat serum
when evaluated against the normal control group (Figure 6A). The treatment with BNP, 5-FU,
and B, displayed their ability to significantly restore (p<0.001) these markers to the standard
stage. The consequence demonstrated by BNP at 100 mg/kg was correspondent to the 5-FU and

further asserted than B.
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Figure 6 The potentials of orally administered BNP and B at 100 mg/kg and 50 mg/kg for 15
days in the carcinogen control rats, (A) The enzyme levels of ALT, AST, LDH, and ALP in

serum, (B) Catabolic by-products (biliverdin and bilirubin).
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Note: Data are represented as meanzSD (n=8). Statistically significant differences were
observed between carcinogen control and test groups [one way-ANOVA followed by Bonferroni
multiple comparison test (***p<0.001, **p<0.01, *p<0.05)].

Additionally, the consequences of BNP and B on catabolic pigments such as biliverdin and
bilirubin in the hepatic tissues were also investigated (Figure 6B). The administrations of BNP
and B revealed a considerable (p<0.001) normalization in the stages of biliverdin and bilirubin
that were raised higher than 2-folds in the carcinogen control group. The outcomes of BNP were
nearly analogous to5-FU, the standard chemotherapeutic agent.

3.2.3 Calculation of oxidative stress parameters in liver tissue

The antioxidant potential of the liver was evaluated due to the purposeful participation of the
oxidative stress in the pathogenesis of the cancer. Table 5 described the consequences of
treatment over the oxidative stress markers (SOD, malondialdehyde, CAT, GSH, and ProC). It
was perceived that CAT enzyme and SOD enzyme were significantly diminished in the
carcinogen control group as evaluated to the normal control group, whereas only an
inconsequential lessening was observed in the BNP-, 5-FU-, B-treated groups. The GSH
concentration was reduced up to 5-folds to 6-folds in the carcinogen control rats, and was
considerably (p<0.001) reinstated after treatment with 5-FU and BNP, but not with B. To the
converse, the stage of ProC was enhanced up to 2-folds in the carcinogen control group, which
productively reinstated after treating with BNP, 5-FU, and B. Likewise, the stage of MDA was
enhanced up to 2-folds in the carcinogen control group, which considerably (p<0.001) reinstated
after the treatment with 100 mg/kg BNP and 5-FU.

Table 5 Study of anti-oxidative parameters in NDEA-exposed carcinogenesis in rats. (NC:
Normal Control, CC: Carcinogen Control, PC: Positive Control, B: Betulinic acid (50mg/kg), B:
Betulinic acid (100 mg/kg), BNP: Betulinic acid nanoparticles (50mg/kg) and BNP: Betulinic
acid nanoparticles (100 mg/kg).

Sr.  Parameters NC CcC PC B(50) B(100) BNP(50) BNP(100)

No.

1.  SOD (U/ug 0.26+0.02  0.06£0.01  0.24+0.09***  0.19+0.07***  0.21+0.05***  (0.22+0.04***  0.25+0.04***
of protein)

2. CAT(nMof 10.06£0.65 4.88+£0.23 8.41+0.68*** 5.75+0.27 6.81+0.73***  7.02+0.77***  8.32+0.51***
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of protein)

ProC 0.58+0.02  1.35+0.01 0.69+0.03***  0.91+0.02***  0.76+0.02***  0.74+0.01***  0.61+0.03***

(uM/pg of
protein)

TBARS (nM  0.07+0.01  0.16+0.03  0.09+0.01*** 0.13+0.05 0.11+0.04* 0.10+0.01**  0.08+0.02***

of MDA/mg
of protein)

GSH 6.46+0.56  1.12+0.57  5.04+0.61*** 3.25+0.65* 3.50£0.32*  4.63+0.33***  5.00+0.21***

(mM/mg
of Protein)

Note: Data represented here as meanzSD (n=8). Statistically considerable disparities were
detected among the test groups and CC groups [one way ANOVA followed by Bonferroni
multiple comparison test (***p<0.001, **p<0.01 and *p<0.05)]

3.2.4 Effects of B and BNP on proinflammatory (IL-2, IL-6, IL-10 and IL-1$) and apoptotic
mediators (caspase-3 and -8)

In order to explore the effects of B and BNP on cancer-associated inflammatory and apoptotic
events, we conducted ELISA and predicted the concentration of proinflammatory cytokines (IL-
2, IL-6, IL-10 and IL-1PB; Figure 7A) and apoptotic mediators (caspase-3 and -8) in rat liver
(Figure 7B). The liver inflammatory markers concentrations were lifted up in the carcinogen
control group. To the converse, the apoptotic markers were strikingly decreased up to 2-folds in
the carcinogen control group. The reduction in caspase-8 levels and caspase-3 levels was further
distinct than the elevations in all the cytokines. Both B and BNP restored the caspase-8 levels
and caspase-3 levels more efficiently than those of the tested cytokines. Although both
compounds, BNP and B, demonstrated their capacity to rise the decreased levels of caspase-8

and caspase-3, the restoring capability of BNP was more prominent than that of B and 5-FU.
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Figure 7 Therapeutic potentials of BNP and B after oral administration at doses 100 mg/kg and
50 mg/kg for 15 days in carcinogen control rats. (A) Anti-proliferative biomarkers IL-6, IL-2,
IL-1B, IL-10 (B) Caspase-8 and Caspase-3.
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Note: The data are represented as mean+SD where n=8. Statistically significant disparities were
detected between test groups and carcinogen control [one way-ANOVA followed by Bonferroni
multiple comparison test **p<0.01, (***p<0.001, *p<0.05)].

3.2.5 Morphology, histopathology and SEM analysis

Morphological changes were observed using intact liver of the various groups. There was an
obvious image disparity in the carcinogenic nodules quantity among the BNP, B, and carcinogen
control groups (Figure 8A). Furthermore, histological changes in the liver tissue were observed
in normal and various treated groups using hematoxylin and eosin (H&E) staining. In the normal
control group, the section showed normal architecture of cells with the presence of nuclei within
the cells.

(A) (B) ©

20V X300, AOm 0004 BBAU

20KV X2,000 _10pm 0004 BBAU
3

Figure 8 Highlights of the plausible alterations in the hepatopathology of NDEA-induced rats.

Notes: (A) Integral liver depicting the abundant carcinogenic nodules in the carcinogen control
group that were reduced extensively or deficient after treating with B (50), 5-FU, BNP (50), B
(100), and BNP (100). (B) Histopathological changes (40x, scale bar 50 pum). (C) SEM
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photomicrographs of the liver tissues (2,000x). Again, histopathology and SEM analysis show
that BNP has greater potential to restore liver cell architecture than B. The studied groups are as
follows: (1) NC, (2) CC (NDEA), (3) PC (NDEA + 5-FU), (4) NDEA + B (50), (5) NDEA + B
(100), (6) NDEA + BNP (50) and (7) NDEA + BNP (100). N, normal nucleus; dN, degenerated
nucleus; RC, ruptured hepatic cells; TA, tumor anaplastic cells and K, Kupffer cells.

However, the carcinogen control group of the liver demonstrated the existence of binucleate,
pasting of architecture, and enlarged polygonal hepatocytes. Particularly, carcinogenic animals’
liver section presented degenerated nucleus (dN), irregular sinusoids, ruptured hepatic cells (RC)
of Kupffer cells (K), tumor anaplastic cells (TA), and tumoral vacuoles. A noticeable
enhancement in the disgusting microscopic manifestation of the hepatic tissue was monitored
after treating with BNP and B at 100 mg/kg and 50 mg/kg (Figure 8B). Furthermore, SEM
analysis also pursued by an analogous prototype where degenerated tumor cells and loss of
architecture were less important in BNP, B, and 5-FU treated rats as compared to the
carcinogenic control group (Figure 8C).

3.3 Discussion

Through in vitro human cancer cell line study we have already noted that BNP hold a promise to
be a potential drug candidate for HCC treatment. However for deep pharmacological
understanding, BNP need to go through in vivo pharmacological screening. Prior to this, it was
also essential to explore in vivo oral pharmacokinetics of the prepared BNP [29, 30]. In vivo
pharmacokinetic studies expressed that the nano-form of B (BNP) exhibited a superior volume of
distribution in the rat plasma as compared to the parent compound B. The lower the particle size
of the BNP, the higher the extent of the oral administration of the B. The acquired data from the
pharmacokinetic studies (through AUC results) revealed that BNP had roughly 7-folds higher
distribution in the rat plasma as compared to B. This amazing examination persuaded us to assess
the anti-HCC perspectives of BNP in the experimental rat model bearing hepatocarcinoma

features.

After discovering distinguished acceptable pharmacokinetic properties and in vitro efficacy,
these compounds were investigated for in vivo study. The prime exploration of this research

advocated that treating with 100 mg/kg dose of BNP appreciably reinstate the liver weight,
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tumor incidence number, and body weight in the rat liver. The purposeful function of the
oxidative stress in the tumor succession has extensively been a vehemently contested subject
matter. It has beforehand stated that an augmentation in the oxidative stress results owing to the
reactive oxygen species (ROS) generation and faults in the redox defense mechanisms [31]. This
study divulged the biochemical variations correlated with NDEA-induced oxidative stress that
were substantiated through decreased CAT, GSH, and SOD levels, on the contrary, enhancement
in the formation of ProC and MDA. Modification in these biochemical factors corroborated the
commencement of the liver oxidative stress under HCC conditions. The production of surfeit
ROS during the oxidative stress condition significantly entails HCC pathogenesis through
upregulation of intracellular signaling pathways, overexpression of oncogenes, and biochemical
perturbation [32]. Treating BNP and B augments the anti-oxidative physiological progression by
recovering the modified levels of SOD, GSH, MDA, CAT, and ProC. Besides, biliverdin and
bilirubin are the catabolic derivatives of red blood corpuscles and disparity in the stages of
biomarkers will designate the diseased hepatic state [33]. It was detected that NDEA exposure
raises the stages of biliverdin and bilirubin, and they were considerably regularizes after the BNP
and B treatments. In addition, enhanced levels of AST and ALT are a symptom of cirrhosis and
hepatic liver damage [34]. Among the profile of liver function tests, ALP is an self-governing
aspect for the survival of the HCC patient, and its preoperative stage can be employed to observe
the reappearance in the high-risk HCC patients [35]. Therefore, the elevated intensity detected in
the enzymes related with the liver function (ALT, ALP, and AST) replicated the progression of
carcinogenesis during the condition of HCC. BNP treatment considerably lessens these enzymes
levels to the normal that point towards the lessening in the hepatic injury [36]. Likewise, a
significant augmentation in serum LDH level demonstrated non-specific modification in the
integrity of the cell membrane and HCC liver metastases [37]. An elevated stages of serum LDH
was detected in the NDEA-exposed group, which could be accountable for the damage of the
liver cells and incidence of pre-neoplastic lesions. BNP treatment results in the reduction of the
hepatic injury and improvement of preneoplastic lesions, almost certainly by its capability to get

better the LDH enzyme stages and thereby potentiate its anti-HCC activities.

The cytokines present in the serum are the key managers engaged in the cancer progression
inflammation pathogenesis [38]. B usually brings to bear anticancer activity moreover by

activating the apoptotic mitochondrial pathway or by inducing cellular stress, such as DNA

Babasaheb Bhimrao Ambedkar University (A Central University), Lucknow Page 56



Chapter 3 In vivo Pharmacokinetic and Pharmacodynamic

damage and cytokine withdrawal [39-50]. Therefore, we examined the modified stages of
caspases and cytokines between diverse faction through the ELISA and investigated the
consequences of BNP and B treatments over the carcinogen control group. In NDEA-exposed
rats, the inflammatory cytokines were raised and were declined to a definite degree after BNP
and B administrations. On the contrary, caspase-8 and caspase-3 were rapidly decreased in the
carcinogen control group and were notably raised again to the normal levels after BNP and B
administrations. It was perceived that distinct to the tested cytokines, the stages of caspase-8 and
caspase-3 in the NDEA-exposed group were quickly restored to normal after administration of B
and BNP, and this effect was more pronounced in the BNP-treated group than the B-treated
group. This surveillance yet again corroborated that the expression of the caspases participate
and play crucial function in the HCC condition development and our lately developed BNP
formulation can act primarily through the overexpression of the caspase-8 and caspase-3 at the
precise cancer milieu of the liver. There was an obvious image disparity in the quantity of the
carcinogenic nodules between the BNP and the carcinogen control groups. The manner of liver
tissue in NDEA-exposed rats was extremely changed as verified through the expression of RC,
multiple degenerated tumor cells, loss of architecture, TA, and tumoral vacuoles in H&E
staining. Yet, the treatment with BNP and B decreases the occurrence of these modifications
through the reinstatement of renewal of the liver parenchymal cells. Almost unaltered
morphology and normal appearance were perceived predominantly for the BNP-treated group,
which supplementary substantiated well with formerly conversed biochemical features and
divulged the superior anti-tumor efficacy of the BNP. Afterward, the SEM analysis also followed
an analogous prototype where trouncing of the architecture and degenerated tumor cells were

slightest dominant in the BNP-treated group.
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Chapter 4 Mechanistic Exploration and 1H NMR based Metabolomics Studies

4. Introduction

As per discussion in previous chapter, the effectiveness of betulinic acid (B) and PLGA loaded
nanoparticles of B (BNP) against hepatocellular carcinoma (HCC) was established. However, the
molecular mechanism and metabolic perturbation of both BNP and B against HCC had not been
elucidated yet at both molecular and cellular levels. So that in extension of our earlier report, the
current research described the molecular mechanisms and metabolic exploration of their anti-

neoplastic responses.

To achieve this aim we selected higher dose of both BNP and B at 100 mg/kg dose for further
experimental analysis because higher dose of BNP and B produces maximum response against
the HCC in previous chapter.

Various literatures suggested that chronic liver injury through apoptosis plays an essential
function in the progress of HCC and NDEA could effectively produce HCC [1]. Thus, to
evaluate the anti-HCC potentials of B and BNP, and related molecular and cellular mechanisms,
we performed in vivo experiments in NDEA induced HCC rat model. The tissue concentrations
of various nitrite/nitrate contents, nitric oxide synthase (NOS), inflammatory mediators (e-NOS
and i-NOS) and apoptotic markers were initially measured. The consequences of BNP and B on
the apoptotic pathways (i-NOS and e-NOS mediated Bcl-2 family proteins—CytC—Caspase-3
and Caspase-9 signaling cascades) were subsequently examined at molecular level through
western blot analyses and gRT-PCR analyses. The *H-NMR-based serum metabolomic studies
was also conducted to elucidate the alterations of metabolic perturbations related with HCC

condition following BNP and B treatments.
4.1. Materials and methods
4.1.1 Chemicals and reagents

Thermo-Fischer® Scientific Ltd., Bangalore, India and Genetix® Biotech Asia Private Limited,
New Delhi, India supplied the chemicals and solvents required for the qRT-PCR analyses and
western blot studies. All other analytical grades chemicals and solvents (99% purity) were
acquired from HiMedia® Limited, Mumbai, India. The distilled water (double distillate)

(Borosil®, India) was utilized during the complete research.
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4.1.2 Experimental design

Six-week-old male albino Wistar rats (100- 120 g) were become accustomed to the necessary
laboratory circumstances (temperature, 25+1°C, light/dark cycle of 12 h, provided a free access
to the diet (commercial pellets) and water ad libitium) for a week prior to the commencement of
the research. The animals were separate out into five groups bearing eight rats in every group
(n=8), and the groups were organized in the desired manner:

e Group 1 (normal control group) containing 0.25% carboxy methyl cellulose (2 mL/kg)
orally (p.o.) administration

e Group 2 (carcinogen control group): Intraperitoneal (i.p.) administration of N-
nitrosodiethylamine (NDEA; 100 mg/kg) for 6 weeks with frequency of once a week,
[2,3,4]

e Group 3 (positive control group): Intraperitoneal (i.p.) administration of NDEA (dose of
100 mg/kg) + 5-fluorouracil (5-FU at dose of 10 mg/kg) (i.p.) for 15 days after HCC
induction

e Group 4: NDEA (i.p.) + B (100 mg/kg) (p.o.) for 15 days after the HCC induction

e Group5: NDEA (i.p.) + BNP (100 mg/kg) (p.o.) for 15 days after the HCC induction

4.1.3 Measurement of total nitrite/nitrate content and nitric oxide synthase (NOS)

Based on the method given by Motawi and Miranda, the total nitrite/nitrate content in the hepatic
tissue homogenates was estimated. The NOS (Abcam, Cambridge, United Kingdom) activity in
the hepatic tissue homogenates was determined by ELISA according to the suggested protocol

by the manufacturer [5,6].
4.1.4 Analysis of e-NOS and i-NOS by ELISA

The Wuhan ElAab Science Company Limited, Wuhan, China provided e-NOS and i-NOS Kkits.

The hepatic tissues were investigated through ELISA following manufacturer’s instructions [7].
4.1.5 Quantitative Real-time polymerase chain reaction (QRT-PCR) analysis

A 10 mg of hepatic tissue sample from each group were used to isolate total MRNA employing

TriaZol reagent. The mRNA was then completely purified by RNeasy mini kit and the amount
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was estimated by Nano Drop instrument at 260nm/280nm. Based on the manufacturer’s practice,
the corresponding deoxyribose nucleic acid (cDNA) was determined employing the GeneSure
first strand cDNA synthesis kit (Genetix Biotech Asia Private Limited, New Delhi, India). The
gRT-PCR (forty times repetition) was achieved using the Agilent Stratagene Mx3000P series
(Applied Biosystems, Foster City, USA) by utilizing the Sybr® green PCR master mix. The
cDNA was initially denatured at 94 °C for 5 min, and the annealing was further performed at 58
°C for 30 sec. These were ultimately elongated at 72 °C for 35 sec. The MRNA was normalized
with control B-actin. The ACt values were normalized with the untreated control samples
according to the following equation [8,9]: ACt = Ctgene of interest — Cthousekeeping gene- The relative
changes in the expression level of one specific gene were calculated based on following
expression: 2-**“" AACt = ACtiest — ACteonrol. The forward and backward primers were tabulated
in Table 6 [10,11,12,13,14,15] and various genes such as e-NOS, Cyt-C, Bcl-2, Bcl-xI, BAX,
BAD, i-NOS, caspase-3, caspase-9 were evaluated for this mechanistic studies.

Table 6 Primer Sequences used for mRNA expression analysis by gRT-PCR

Sr. Gene Primer sequence References

No.

1 B-actin  5'-AAGTCCCTCACCCTCCCAAAAG-3' (forward) 10
5'- AAGCAATGCTGTCACCTTCCC-3' (reverse)

2 e-NOS  5-CGGCATCACCAGGAAGAAGA-3’ (forward) 11
5-CATGAGCG AGGCGGAGAT-3’ (reverse)

3 Cyt-C 5-TTTGGATCCAATGGGTGATGTTGAG-3' (forward) 12
5-TTTGAATTCCTCATTAGTAGCTTTTTTGAG-3' (reverse)

4 Bcl-2 5-CTGGTGGACAACATCGCTCTG-3' (forward) 13
5-GGTCTGCTGACCTCACTTGTG-3’ (reverse)

5 Bcel-xI 5-AGGCTGGCGATGAGTTTGAA-3’ (forward) 13
5-TGAAACGCTCCTGGCCTTTC-3' (reverse)

6 BAX 5-TTCATCCAGGATCGAGCAGA-3' (forward) 13
5-GCAAAGTAGAAGGCAACG-3' (reverse)

7 BAD 5-CTCCGAAGAATGAGCGATGAA-3' (forward) 10

5-ATCCCACCAGGACTGGATAA-3' (reverse)
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8 i-NOS 5'-GTGCTAATGCGGAAGGTCATG-3’ (forward) 11
5" -GCTTCCGACTTTCCTGTCTC AGTA-3' (reverse)
9 Caspase 5-GGTATTGAGACAGACAGTGG-3' (forward) 14
-3 5'-CATGGGATCTGTTTCTTTGC-3’ (reverse)
10 Caspase 5-AGTTCCCGGGTGCTGTCTAT-3’ (forward) 15
-9 5'-GCCATGGTCTTTCTGCTCAC-3' (reverse)

4.1.6 Western blot analysis

The degree of protein expressions of Bcl-xI, Bcl-2, and BAD were assessed by immunoblotting
technique. The lysis of cells were performed by radioimmunoprecipitation assay (RIPA) buffer,
centrifuged for the duration of 15 min at 10,000 rpm at a temperature of 4°C and the protein
content was estimated using Bradford reagent. The proteins (50 pg) were electrophoresed on
12% sodium dodecyl sulfate (SDS)-polyacrylamide gel and immediately transferred to
polyvinylidene fluoride membrane. The formed membranes were wedged with skimmed milk
(5%) in phosphate buffered saline containing tween-20 (PBS-T, 0.1%) for 3 hr duration at a
temperature of 4°C and probed with primary antibodies (Cell Signaling Technology, USA)
diluted in PBS-T (in the ratio of 1:500 dilution for every individual component) containing Bcl-
Xl (54H6), Bcl-2 (D17C4), B-actin (13E5) mouse monoclonal antibody, and BAD (D24A9)
overnight at a temperature of 4°C. The membranes were then washed with the tris-buffered
saline containing the tween-20 (TBS-T) three times and incubated with anti-rabbit secondary
antibodies linked to horse-radish peroxidase at 1:3000 dilutions at the room temperature for 3 h.
Subsequently, the prepared film was thoroughly washed with TBST for 3 times, developed with
improved chemiluminescence ECL (Pierce™ ECL Western Blotting Substrate) and the images

were captured using the Chemidoc® system (Clinx Scientific Instruments, China) [9,10,11].
4.1.7 Mathematical modeling

The ODE-based model was utilized and standardized by means of the MATLAB software. The
dynamical constraints were taken from the earlier literature [17,18]. The behavioral

concentration of BAX+BAD, Bcl-2+Bcl-xl, Caspase-3, and Caspase-9, cancer cells over time
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was presented by scheming the concentrations vs. time graph, considering the diverse values of
e-NOS and i-NOS obtained in gRT-PCR analyses for different experimental groups.

4.1.8 Measurement of serum lipid profile

Serum lipid concentrations were ascertained spectrophotometrically by using a lipid profile kit
(Agape Diagnostic Ltd., Kerala, India). As per manufacturer instruction, 10 mL of plasma or
standard was added with 1.0 mL of working solution. The mixture was incubated for the duration
of 5 min at a temperature of 37°C and was evaluated spectrophotometrically at 505 nm. The
cholesterol concentration in plasma was estimated by the following procedure:

Absorbance of serum

Cholesterol concentration (mg /dL) = 200

Absorbance of standard X

In the presence of lipase, the triglycerides present in the serum were converted successfully into
hydrogen peroxide (H,O;) and fatty acids. The estimation was analogous to the cholesterol
assessment procedure. The lipoproteins and sulfated a-cyclodextrin were the HDL substrate used
for the high density lipoprotein (HDL). The HDL produced the unesterified cholesterol which
afterwards converted to cholestenone and then ultimately to H,O,. To the reaction mixture, 5-
aminophenazone was added directly. At 600 nm, the absorbance was recorded. The H,0,
formation was unswervingly relative to the plasma HDL concentration. Based on the
Friedewald's formula, the very low density lipoprotein (VLDL) levels and the low density

lipoprotein (LDL) levels were determined [18]:
LDL (mg/dL) = TC — HDL — (TG/5)
VLDL (mg/dL) = TC — HDL - LDL
4.1.9 'H-NMR based metabolomics spectroscopy
4.1.9.1 Sample preparation

All serum samples were thawed at room temperature, 250 pl of serum was taken and mixed with
250 pl of 0.9% saline sodium-phosphate buffer of strength 50 mM, pH 7.4 prepared in D,0 [9].
Further, to remove any precipitates, the samples were then centrifuged for 5 min duration at

10,000 rpm, before obtaining the NMR data. The supernatant content of 400 uLL was employed in
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the NMR tubes of dimension 5 mm for determining the data along with co-axial insert containing
0.1% external standard reference (sodium salt of 3-trimethylsilyl-(2,2,3,3-d4)-propionic acid,
TSP which helps in the quantification of metabolites through NMR experiment. The sodium salt
of trimethylsilylpropionic acid-d* (TSP) and deuterium oxide (D,O) was employed as the co-
solvent and also to offer a deuterium frequency lock or field. Sigma-Aldrich (RI, USA) supplied
the main chemicals utilized for NMR experiments.

4.1.9.2 NMR measurements

NMR spectrometer system of Bruker Biospin Avance-111 Make having 800 Mhz frequency was
employed for recording the NMR spectra at a temperature of 298 K. The spectrometer runs at
800.21 MHz of proton frequency, operational with CryoProbe system, and 53 G/cm of maximum
gradient-strength output. Topspin-2.1, a Bruker NMR data Processing Software was utilized for
processing the raw data obtained from NMR analysis. The Carr—Purcell-Meiboom-Gill (CPMG)
pulse sequence (cpmgprld, standard Bruker pulse program) was utilized for recording the
diffusion edited (DE) 'H NMR spectra as well as one-dimensional 'H-NMR of each serum
sample. The water peak was pre-saturated by irradiating the content continuously through the
recycle delay process for the duration of 5 sec and the bipolar pulse pair longitudinal eddy
current delay (BPP-LED) sequence was recorded. A total of 128 scans were performed for
recording each CPMG spectrum which took 15 minutes approximately, individually. The broad
signals obtained from cholesterols, triglycerides, phospholipids, proteins, etc. were removed by
applying 60 ms of spin—spin relaxation time with 0.3 Hz as the line broadening factor (n = 300
and 21=2008s). For recording the NMR spectra under DE *H-NMR, the square gradients was set
to 70% of the maximum gradient strength for the duration of 2 ms, which is followed by a 200 ps
delay to prevent eddy current decay. For assuaging the signals obtained from the low molecular
weight (LMW) compounds without distressing the signals obtained from lipid, 120 ms of
diffusion time was utilized. After the suitable baseline correction and manual phase correction,
Topspin-2.1 with standard Fourier Transformation (FT) was utilized for analysis of spectra.
Before the application of FT, every FID was designated zero to 4096 data set points and the sine-
bell apodisation function was taken into the application. After the application of FT, the chemical
shift was internally referenced with the methyl peak of L-lactate (6=1.33 ppm). The recorded

NMR spectra were examined visually for their degree of satisfactoriness and further. All
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procured spectra were examined visually for and were subject to multivariate statistical analysis

to distinguish the customized metabolic prototypes.
4.1.9.3 Spectral assignment

For unmistakable allocation of a variety of peaks in the obtained *H-CPMG-NMR spectra, 2D
NMR spectra were attained for the chosen samples such as *H-'*C heteronuclear single quantum
correlation (HSQC) and 'H-'H total correlation spectroscopy (TOCSY). The desired chemical
shifts were recognized and possibly allocated by evaluating them with the accessible chemical
shifts with the assistance of software Chenomx 8.1 (Chenomx Inc., Canada). The residual peaks
in the CPMG-"H NMR spectra were designated employing the accessible literature reports and

accessible databases [19-21].
4.1.9.4 Multivariate data analysis

By the application of Topspin 2.1, the baseline aberration and the phase aberration were
corrected in the NMR spectra. The diffusion edited spectra (6 0.5—5.6 ppm) and CPMG spectra
(0 0.5-8.5 ppm) were integrated into the integrated spectral content of 0.01 ppm strength by
utilizing the AMIX package (Bruker) v.3.8.7, Bio Spin. For avoiding the interfering effect of
water suppression, the distorted region in the spectra (8 4.7-5.1) was eliminated both from the
diffusion edited data and CPMG data. The data procured through AMIX after normalization
process and mean centering process was carried out by splitting each and every data point
present in the sample by their sum in order to recompense for the disparities in the metabolite
concentrations of amongst every single serum samples. The data scaling was performed by
employing the unit variance where indistinguishable mass was provided to every variables. The
obtained data was further exported to the Microsoft Office Excel 2010 tool and multivariate
analysis was then carried out through metabolomic data analyzing tool such as Unscrambler X
Software v.10.3 (CAMO, Norway) and MetaboAnalyst. Both on diffusion edited (DE) datasets
and Carr-Purcell-Meiboom-Gill (CMPG) datasets, the Principal component analysis was carried
out in order to conclude the outliers. The supervised partial least squares discriminate analysis
(PLS-DA) was performed to supplementary express the disparities amongst the dissimilar
groups, which will aid in recognizing the various metabolites notably giving to the group

demarcation. Model quality was assessed with R? indicating the validity of models against over-
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fitting and Q? representing the predictive ability. The loading plots (for PLS-DA) serve as the
identifier for the potential metabolites markers and the scores obtained for inconsistent
significance on projections. The statistical implication of the produced metabolites was
computed by t-test (p < 0.05).

4.1.9.5 Heat map analysis
Multivariate statistical analysis to visualize the alterations of remarkable metabolites in five
groups, a heat map was created using the MetaboAnalyst v.3.0 (http://www.metaboanalyst.ca/).

4.1.9.6 Pathway analysis

The biochemical pathway was analyzed by utilizing the pathways library available in the
metaboanalyst server for Rattus norvegicus. The altered metabolites in the obtained samples
were identified through PLS-DA analysis with a good VIP scores and compared with CC. The
pathway analysis module provided the information of affected metabolic pathways. The
MetaboAnalyst software comprises of inbuilt functions of pathway topology analysis and
enrichment analysis. The software do not recognizes lipid metabolites and membrane such as
lipids, VLDL, LDL, HDL, OAG, NAG, etc., and are therefore were excluded from the analysis.
The altered metabolites data were uploaded in Metabo Analyst and suitably analyzed by Over
Representation analysis (ORA). In the Rattus norvegicus metabolic library, degree centrality
algorithms and hypergeometric analysis were utilized for pathway improvement and pathway
topology analysis. For every investigated pathway, an impact factor was generated by the
pathway analysis module and pathway enrichment analysis produced statistically significant fit
coefficient (p). Based on the p-values procured from pathway enrichment analysis (plotted in the
Y-axis) and the color intensity and impact values intensity produced from pathway topology
analysis (plotted in the X-axis), the impactful pathways (in the blue color) were determined by

the common points (indicated by the size of circle) [23,24].
4.1.10 Statistical data analysis

The data were articulated as mean + standard deviation. One-way analysis of variance (ANOVA)
followed by Bonferroni’s multiple comparison test was executed employing GraphPad Prism 5.0
software (San Diago, CA, USA). The considerable statistical disparities were scrutinized among
the CC groups and test groups with ***p<0.001, **p<0.01 and*p<0.05.
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4.2 Results.
4.2.1 Evaluation of the ratio of nitrite/nitrate and nitric oxide synthase (NOS) level

The protective efficiency of BNP was analyzed through various nitrative stress parameters
including ratio of nitrite/nitrate ratio (Figure. 9A) and nitric oxide synthase (NOS) level (Figure.
9B) in the rat liver. Both nitrative stress parameters were up regulated in CC group as compared
to NC group. However, after treatment with B and BNP, the levels of nitrite/nitrate ratio and

nitric oxide synthase (NOS) were significantly down regulated as compared to the CC group.
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Figure 9 (A) Total nitrite/nitrate contents (B) Assay of nitric oxide synthase (NOS) activity, (C)
INOS (D) eNOS activities in the liver tissue after treatment with BNP and B.

Note: The data are signified as mean + SD (n=8). Statistically considerable disparity were
examined between test groups and carcinogen control groups [one way-ANOVA followed by
Bonferroni multiple comparison test (***p<0.001, **p<0.01, *p<0.05)]. The studied groups are:
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(CC: Carcinogen Control, NC: Normal Control, B100 (100 mg/kg), PC: Positive Control, and
BNP (100 mg/kg).

4.2.2 Evaluation of e-NOS and i-NOS by ELISA

In order to explore the effects of BNP on cancer-associated NO based inflammatory event, we
conducted enzyme linked immunosorbent assay (ELISA) of inflammatory isoform of NO (i-
NOS and e-NOS) in hepatic tissue. The NDEA treated CC group triggered a robust induction i-
NOS with a corresponding reduction in e-NOS in liver tissue (Figure. 9C and 9D), indicating the
induction of pathogenic NOS during HCC condition. After oral administration of BNP and B,
both e-NOS and i-NOS levels were significantly normalized in treatment group.

4.2.3 mRNA expression of the apoptotic markers during NDEA-induced HCC

The gRT-PCR analyses was carried out to assess the levels of gene expression of various NOS
and biomarkers of mitochondrial apoptotic pathway. The NDEA treated CC group demonstrated
a downstream regulation of BAX, e-NOS, BAD, Cyt C, Caspase-9, and Caspase-3 genes as
compared to NC. However, B, BNP and 5-FU treatments significantly normalized (p < 0.001)
the downstream expression of these genes. The efficacy of both B and BNP at a 100 mg/kg dose
was found comparable to the marketed chemotherapeutics, 5-FU (Figure. 10 and 12).
Alternatively, the differing drifts were perceived for i-NOS, Bcl-2, and Bcl-xI genes, where
upstream regulations of these genes were significantly normalized (p < 0.001) following B, BNP

and 5-FU treatments.
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Figure 10 Gene expression levels of e-NOS, i-NOS, BAX, BAD, Bcl-xl, Bcl-2, Cyt-C, caspase-
9 and caspase-3, and in liver tissue after B and BNP treatment.

Note: Data are represented as mean + SD (n=8). Statistically considerable disparity were
detected between the carcinogen control group and test group [one way-ANOVA followed by
Bonferroni multiple comparison test (***p<0.001, **p<0.01, *p<0.05)]. The studied groups are:
(CC: Carcinogen Control, NC: Normal Control, B100 (100 mg/kg), PC: Positive Control, and
BNP (100 mg/kg).

4.2.4 Western blot analysis

The quantitative western blot analysis was further employed to measure the protein expression
levels of BAD, Bcl-xI and Bcl-2. The levels of BAD protein was down regulated in CC with
respect to NC, which were improved after B and BNP administration at higher dose (Figure.

11A, 11B and 12). An opposite trend was noted for Bcl-xI and Bcl-2 where these proteins were
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up-regulated in CC and normalized after B and BNP treatment. The [-actin acted as

housekeeping protein in these experiments.
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Figure 11 Protein expression levels of BAD, Bcl-xl, Bcl-2, and B-Actin in the liver tissue after
treating with BNP and B (determined by quantitative western blot analysis). Data are represented
as meanzSD (n=8). The studied groups are: (CC: Carcinogen Control, NC: Normal Control,
B100 (100 mg/kg), PC: Positive Control, and BNP (100 mg/kg).
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Figure 12 Conceivable mechanistic activities of BNP.
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4.2.5 Mathematical modeling of mechanism of anticancer properties of BNP and B

We formulated the dynamics of plausible mechanisms of anticancer activity of BNP using a
nonlinear mathematical model employing a system of ordinary differential equations. The
individual steps of the core module (Figure. 13) were represented by a system of differential
equations, each describing the dynamics of the per capita concentration of BAX+BAD, Bcl-
2+Bcl-xl, cytochrome C, Caspase 3 and 9, Cancer cells over time respectively. In view of this,

the following models were considered.

L% | [eNOS] K, [iNOS]
X, dt
1 &%y, [iNOS]—ky[eNOS] (1)
X9 dt
1 dX3
— —2 = —KaXy + kg X
X3 dt 372 471
i%:k5X3
X4 dt
idﬁ:k6x4
X5 dt

With initial conditions x; (0) >0 , i=12,34,5.

The [e-NOS] and [i-NOS] represent the concentration of induced e-NOS and i-NOS, respectively

(obtained by quantitative western blot analysis) for different studied groups; X, refers to the
concentration of BAX+BAD in cytoplasm, X, is the concentration of Bcl-2+Bcl-xI in
cytoplasm, x; symbolize the cytoplasic cytochrome C concentration, X, designates the

concentration of Caspase-9 and Caspase-3 in the cytoplasm and x5 is the concentration of cancer

cells in the body. The k1, K>, ks, k4 and ks are the positive rate constants.

To determine the quantitative behavior of the concentrations of BAX+BAD, Bcl-2+Bcl-xl,

Caspase-9 and Caspase-3, Cancer cells, respectively with time, ODEs given by (equation 1) were
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integrated by the Runge—Kutta method (4™ order) [17] employing the MATLAB software and
the graphs were representation (Figure. 5 A, B, C, and D). The arithmetical simulation was

carried out by means of the significance of dynamical parameters such as k;, k,, K3, k,, and Ks

from the previous literatures.
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Figure 13 The graphs produced by the application of MATLAB software utilizing the derived
arithmetical model depends on the strides entailed in the pathway. (A) Graph shows the
quantitative behavior of BAX+BAD over a time course. (B) Graph shows the quantitative
behavior of Bcl-2+Bcl-xI over a time course. (C) Graph shows the quantitative behavior of
Caspase-9 and Caspase-3 over a time course. (D) Graph shows the concentration of cancerous
cells over a time course.

It was observed from Figure 13A that the concentration of BAX+BAD in the cytoplasm

increased in response to i-NOS and e-NOS stimulations. Furthermore, it was evidenced that the
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increment was faster in NC and treatment groups (B and BNP) as compared to the CC group.
Moreover, Figure 13B revealed the declining behavior of Bcl-2+Bcl-xI in cytoplasm,
demonstrating that Bcl-2+Bcl-xI in cytoplasm declined due to the stimulation of INOS and
eNOS. The declination in the concentration of Bcl-2+Bcl-xI was found to be more pronounced in
the normal and treatment groups as compared to the carcinogen control group. In addition,
Figure 13C manifested the quantitative concentrations of Caspase-9 and Caspase-3 in reaction to
the dual stimulation of e-NOS and i-NOS. The concentrations of Caspase-9 and Caspase-3 were
observed to be quite superior for the treatment groups relative to the carcinogen control group.
Figure 13D displayed the apoptosis of the cancer cells with time due to the stimulation of i-
NOS and e-NOS. The apoptosis of the cancer cells was found to be maximum for BNP-treated

group. This implied the efficacy of the BNP as compared to the marketed drug.
4.2.6 Evaluation of Lipid profile parameters

The TC, LDL, TG, HDL and VLDL are various parameters of the lipid profile, which were taken
into consideration to measure the protective action of B and BNP. Except HDL, all other
parameters were augmented in the CC group than NC. The TC, TG, VLDL and HDL were
significantly normalized after oral administration of B and BNP. In contrast, the HDL level was
spectacularly diminished in the CC (~ 24 mg/dL) as evaluated against NC (~ 55 mg/dL). The
HDL concentration in serum turned to normal levels after the orally administered BNP and B at
100 mg/kg dose (Table 7).

Table 7 Lipid profiles in serum to evaluate the amiliorative effects after NDEA, BNP, and B
administration, (CC: Carcinogen Control, NC: Normal Control, B100: Betulinic acid (100
mg/kg), PC: Positive Control, and BNP100: Betulinic acid nanoparticle (100 mg/kg).

Sr. Parameters NC CcC PC B100 BNP100
No.
1. TC (mg/dL) 138.15+4.02 186.23+6.37 143.15+5.34***  153.19+7.29***  141.28+4.85***
2. TG(mg/dL) 72.79£3.89 167.29+6.72 86.46x6.19***  102.38+6.76***  75.39+4.41***
3. HDL (mg/dL) 55.19+2.92 24.99+1.96 39.84+43.31*** 33.5243.79*** 52.13+2.68***
4, LDL(mg/dL) 68.40+3.29 127.78+6.61 86.01+4.43*** 99.1945.47*** 74.07+4.43*%**
5. VLDL(mg/dL) 14.55+1.14 33.45+1.94 17.2942.21*** 20.47+£1.97%** 15.07+2.28***

Note: Data represented here as meantSD (n=8). Statistically significant differences were
observed between CC and test groups [one way ANOVA followed by Bonferroni multiple
comparison test (***p<0.001, **p<0.01 and *p<0.05)]
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4.2.7 *H-NMR-based metabolomics to access the biochemical impact after BNP treatment

In an effort to gain a global picture of the univariate and chemometrics statistical analysis, we
investigated the NDEA-induced metabolic alterations in HCC condition and the protective
efficacy of BNP on it. The 1D *H-CPMG NMR spectra acquired from serum samples of various
control and treated rats, exclusively with the allocated resonances are represented in Figure 14.
The 'H-NMR spectra of serum samples demonstrated signals, mainly from membrane
metabolites (e.g. choline), lipids/lipoproteins (e.g. LDL, VLDL, PUFAs etc.), O-acetyl and N-
acetyl glycoproteins (NAG, OAG), and amino acids (e.g. leucine, isoleucine, alanine, lysine,
valine, glutamate, glutamine, histidine, tyrosine, and phenylalanine etc.). Other distinguished
metabolites were, lactate, glucose, acetate, citrate, formate, creatine, biotin and trans-aconitate
(Figure 15).

Further exploration of metabolic perturbations between control and carcinogenic rat, the *H-NMR
dataset was subjected to statistical data modeling and analysis using multivariate analysis tools in
MetaboAnalyst [25, 26]. Firstly, the Principal Component Analysis (PCA) was used to authenticate

the analytical quality system performance and to investigate the possible outliers.
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Figure 14 (A) The obtained stack plot representing 1D-'H-CPMG-NMR spectra of serum
sample of rat procured from various groups. Stack plot of representative 1D-'H-CPMG-NMR
spectra of the serum of rat acquired from diverse groups. Carcinogen control (CC), Betulinic acid
(B 100), Positive control (PC), Betulinic acid nanoparticles (BNP 100) and Normal Control (NC)
groups. (B) Pair-wise and Combined OPLS-DA analysis: The 2D OPLS-DA analysis of 1D-'H-
CPMG-NMR spectra score plot developed from the combined analysis encompassing all the
groups: Carcinogen control (CC), Betulinic acid (B 100), Positive control (PC), Betulinic acid
nanoparticles (BNP 100) and Normal Control (NC) groups. (C) The prospective discriminatory
metabolite units recognized from the VIP scores obtained from PLS-DA modeling of entire data
matrix and procured VIP scores for top 30 metabolite units are depicted in rising order of VIP
score significance to emphasize their discriminatory prospective.

Further, the OPLS-DA model was used to achieve a summary of complete informational
collection of samples and to discriminate the variables that are responsible of variations among
the groups. The nature of OPLS-DA model was optimized with two factors i.e. Q% and R?. The
combined and pair wise analysis of PLS-DA data revealed R* = 0.93 and Q? = 0.81, representing
a significant metabolic alteration between normal and NDEA treated carcinogenic groups
(Figure 14B). The main metabolic dissimilarity between the CC groups and control groups along

with their p-values, variable importance on projection (VIP) score, and chemical shifts (d) are
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listed in Table 8. There were significant increased levels of acetate, glutamine, tyrosine,
LDL/VLDL, citrulline, choline, tryptophan, glycerol, creatinine, lactate, citrate and decreased
levels of HDL, leucine isoleucine, arginine, glucose in NDEA treated group (Table 8). All these
metabolites became regularized after treating BNP and B. The score plots obtained from 1D-'H-
CPMG-NMR spectra (Figure 14B) (from S-plots and OPLS-DA) demonstrated a reasonable
separation among the groups on X-axis. The separation of different groups again analyzed in VIP
score plots in Figure 14C and the combined correlations of VIP score analyses and 2D OPLS-
DA analyses demonstrated noteworthy disparities in metabolic profiles amid a range of groups.

Table 8 Key observed metabolic differentiation between the NDEA induced carcinogenic rat
serum and normal control. The chemical shift, AUC, VIP score, variation and p-values of the
individual biomarkers are provided. p-values less than 0.05 were considered as significant. The
metabolic differences between NDEA and NC, NDEA and PC, NDEA and B100, NDEA and
BNP100 have also been presented.

Carcinogen Control (CC) Versus
PPM Metabolite Normal Control (NC) Positive Control (PC) B100 BNP100
VP Coef AUC VIPCeef | AUC VIPCeef | AUC VIPCoef [ AUC

0.87 | LDL/VLDL 1.830 0.8 J 1.738 0.8 J 2.047 0.8 JF 2.763 1.0 F
0.85 | HDL 2.972 1.0 AM* 2.765 0.9 AM* 3.0 0.9 A 3.584 1.0 AE
0.91 | Isoleucine 1.932 1.0 A kE 1.125 1.0 Ak 0.7V7 0.9 A 1.022 1.0 Ak
0.93 | Leucine 1.333 1.0 M* 1.230 1.0 M * 0.818 1.0 A* 1.022 1.0 A*
1.05 | Isobutyrate 1.128 1.0 Nio 1.0%5 1.0 Nio 1.228 1.0 N 1.126 1.0 F
113 ;[;’feyr';”e 1388 [ 1.0 | * | 1.3 | 1.0 | x| 13% [ 10 | &* | 107 | 10 | IF
1.15 | Propionate 0.2 0.6 1.12¢6 1.0 p* 0.512 1.0 M* 0.50° 0.9 M+
1.17 | Ethanol 0.4 0.6 1.228 0.8 AM* 0.35 0.6 M= 0.34 0.8 NA
1.19 | 3HB 0.717 0.8 ¥ 1. 428 1.0 A* 0.6'5 0.8 1 0.613 0.8 M=

3
1.23 | Aminoisobutyra 2.6%5 1.0 JE 2.602 1.0 Niao 2.660 1.0 JE 2.9¢8 1.0 N

te
1.27 | LDL/VLDL 2.601 0.8 M* 2.252 0.6 Mt 2.763 0.8 4.1100 1.0 AM*
1.29 | Lipid 2.97 0.8 AM* 1.638 0.6 2.352 0.8 3.893 1.0 Ak
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1.43 | Lysine 1.727 1.0 N 1127 1.0 | $** 1.731 1.0 | e | 1.229 1.0 | o
1.45 | Alanine 1.538 1.0 M* 1.330 1.0 * 0.4° 0.6 » 0.717 0.9 N
1.57 | Citrulline 1.333 1.0 A 1.230 1.0 A* 1.331 1.0 P 1.74 1.0 Ak
1.63 | Arginine 0.8521 1.0 AE*E 1.126 1.0 AN EEE 0.819 1.0 M* 125 1.0 APE*
1.77 | Arginine 0.4210 0.9 A 0.12 0.6 J 0.38 0.9 N 0.11 0.6 NA
1.89 | Acetate 1.63%9 1.0 N 1.33%0 0.9 N 1.638 1.0 N 0.512 0.7 NA
1.97 | Proline 1.53¢6 1.0 J 1.433 1.0 Nio 1.331 1.0 NV 1.53%7 1.0 N
2.03 | NAG 2.6% 1.0 ANk 2.764 1.0 AN EEE 2.5¢60 1.0 Ak 2.971 1.0 Ak
2.11 | Methionine 2.650 0.9 N 0.65 0.6 N 0.8? 0.5 N 0.67 0.6 N
2.13 | Glutamine 1.640 0.9 M 2.971 1.0 ANk 2.6%2 1.0 M 2.693 1.0 Ak
2.19 | Glycoproline 0.821 1.0 Nio 0.615 1.0 Nio 0.820 1.0 F 0.717 1.0 No
2.21 | Acetone 0.5 1.230 1.0 e 0.5¢ 0.6 ™ 0.922 1.0 A*
2.23 | LIPID 1.435 1.0 A 1.434 1.0 e 1.35%1 1.0 P 1.844 1.0 A*
2.33 | Glutamate 0.821 1.0 Nio 1.023 1.0 Nio 0.819 0.9 JF 1.1%7 1.0 F
2.35 | Pyruvate 0.3 0.8 Mt 1.024 1.0 A rEE 124 1.0 ¥ 0.614 1.0 ANwE
2.43 | Glutamine 250 1.0 JEE 1.740 1.0 J 0.91°9 0.8 JF 1.640 1.0 JEEE
2.63 | Citrate 1.1% 1.0 Nio 1.021 0.8 Nio 0.921 0.8 JF 1.023 1.0 F
2.71 | Dimethylamine 1.024 1.0 JEE 1.024 1.0 JEE 1.025 1.0 o 1.126 1.0 J
2.79 | Aspartate 0.717 1.0 b* 0.71¢6 1.0 b* 0.820 1.0 N 0.819 1.0 b*
2.91 Ei’"efhy'g'ydn 0.3t | 0.8 N 06 [ 1.0 | | 065 | 1.0 | | 053 [ 1.0 | A
3.01 | Creatinine 3.587 0.8 Nio 3.9%4 1.0 Nio 3.992 1.0 N 3.687 1.0 F
3.03 E;Z:‘;'}:‘;e 199 | 1.0 | x| 20@ | 10 | $* | 207 | 10 | * | 194 | 10 | $*
3.15 | Malonate 1.230 1.0 b* 1.228 1.0 b* 1.228 1.0 N 1.127 1.0 b*
3.17 /?;etylcqmiﬁne 1.33 1.0 N 1.227 | 0.8 N 1.227 | 07 * 1.330 | 0.9 *
3.19 | Choline 1.432 1.0 ¥ 2.048 1.0 AM* 1.944 1.0 AE 1.125 1.0 A*
3.21 | GPCho 2.355 1.0 ¥ 2.258 0.8 AM* 2.9¢69 1.0 A 1.640 1.0 Ak
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3.27 | Taurine/Betain 1.022 1.0 b* 1.228 1.0 b* 1.227 1.0 Nia 1.127 1.0 b*
3.39 | Glucose 3.894 1.0 A 4.1100 1.0 A* 4.2100 1.0 P 3.484 1.0 A*
3.55 | Glycine 0.24 0.6 J 1.843 1.0 A 1.536 1.0 M* 1.33%0 0.8 M
3.71 | Glucose 4100 1.0 AE*E 3.072 1.0 AN EEE 3.072 1.0 N 2.8 1.0 APE*
4.11 | Lactate 2.3%8 1.0 N 2.560 1.0 N 2.251 0.8 A 2.6%2 1.0 N
4.19 | Threonine 1.229 1.0 A 1.021 1.0 A 0.717 1.0 M* 1.025 1.0 M*
4.27 | Threonine 0.923 1.0 M 1.026 1.0 A 1.023 1.0 M* 125 1.0 M*
4.31 | Cytidine 0.922 1.0 AE*E 1.026 1.0 AN EEE 1.023 1.0 o 125 1.0 Ak
4.43 | Carnosine 0.613 1.0 Ak 0.615 1.0 A 0.71¢ 1.0 Ak 0.512 1.0 Ak
4.57 | Glutathione 0.48 0.8 » 0.713 0.9 A 0.717 1.0 Ak 0.4M 0.9 M*
5.27 | Un 0.820 0.7 J 1.125 0.8 Nio 1.33%0 0.9 N 1.535 1.0 JE
5.31 | PUFA 1.333 0.9 A 1.125 0.8 e 1.2%7 0.9 P 1.538 1.0 A*
5.87 | Cytidine 0.94 0.8 Nio 0.12 0.8 J 0.25 0.9 N 0.24 0.9 N
6.57 | Trans Aconitate 0.12 0.6 J 0.24 0.6 Niao 0.4¢ 0.8 JFEE 0.12 0.9 AE
6.87 | Tyrosine 2.460 1.0 b* 0.13 1.0 1t 2.510 1.0 4 0.12 1.0 A*
6.95 | Anserine 0.37 1.0 Nio 2.558 1.0 Nio 0.3¢6 1.0 N 0.25 1.0 F
7.01 | Histidine 0.5M 1.0 AM* 0.24 1.0 Niao 0.2¢6 1.0 A 0.24 1.0 NA
7.31 | Phenylalanine 1.1% 1.0 JEE 0.38 1.0 Ak 1.125 1.0 o 1.125 1.0 F
8.43 | Formate 0.1¢ 0.8 J 0.1 1.0 Mt 0.12 1.0 » 0.12 1.0 »

Note: Data represented here as meanzSD (n=8). Statistically considerable disparities were
detected between the test groups and CC groups [one way ANOVA followed by Bonferroni
multiple comparison test (***p<0.001, **p<0.01 and *p<0.05)]

The best 30 metabolite units were cautiously selected when the major verge of variable influence
on projection (VIP) values attained from the OPLS-DA model was >1.0. For the meantime, the
obtained p-values from the two-tailed Student’s t-test on the normalized peak area were believed
to be statistically considerable (p< 0.05). Log2 fold change (FC) was taken into the application to
express how these predominantly differential metabolites diverse amongst all the studied groups.
The results were believed statistically considerable when the p-value is <0.05. Some appropriate

metabolic alterations are represented in the form of univariate box plots in the Figure 15.
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Figure 15 Metabolic outcomes of BNP and B treatment: The Box-cum-Whisker plots
demonstrating the comparative distinction in the quantitative profiles of metabolites present in
the serum with relevance to the hepatic cancer pathophysiology. In the box plots, the boxes
signifies the interquartile assortment, the straight streaks within the box stand for the median, and
the top boundaries and the bottom boundaries of boxes are designated as 75th and 25th
percentiles, respectively. The upper whiskers and lower whiskers are in 95th and 5th percentiles.
Where: Carcinogen control (CC), Betulinic acid (B 100), Betulinic acid nanoparticles (BNP
100), Positive control (PC) and Normal Control (NC) groups.

The heat mapping of each dataset revealed BNP treated group showed metabolomic profiles
remarkably similar to control group (Figure 16A). A number of individual metabolites
appropriate in the context of HCC significantly alternated in CC group that were reversed to
varying degrees after B and BNP treatment. These single metabolites can then be integrated into
a number of key pathways (Figure 16B and 16C). Major metabolic pathways changed by B and
BNP treatment in our dataset included glycolysis, f-oxidation, lipolysis, ketogenesis, the Krebs

cycle, and the urea cycle and methylamine metabolism.
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is shown the highly significant pathways of major metabolites. (C) Major metabolic pathways of
the most relevant metabolites after B, Bnp treatments and CC group involved in glycolysis, -
oxidation, lipolysis, ketogenesis, the Krebs cycle, and the urea cycle and methylamine
metabolism. It is shown i.e. red color: increase concentration profile of particular metabolites in
CC group. Green color: decrease concentration profile of particular metabolites in CC group.

4.3 Discussion

B has strong pharmacological importance because of its greater cytotoxicity potential against
various cancerous cells. The therapeutic window of B is considerably high due to less toxicity to
normal cells [27,28,29]. The tumor inhibitory ability of B was identified in various cell line
studies, where the normal cells are more resistant to B [27,28,29]. However, the most
challenging sinario of its biomedical use is its low water solubility, which subsequently causes
poor bioavailability [30,31]. In view of the above facts, our group developed PLGA-loaded
nanoparticles (BNP) to improve its anticancer potentials [14]. In our previous studies, the anti-
neoplastic abilities of BNP and B were measured both in vivo and in vitro models and it was
found that BNP had more pharmacological responses than the pure B [14]. Herein, we explored

the mechanism of anti-neoplastic properties of BNP and B at molecular levels and cellular levels.

5-fluorouracil (5-FU), the well known anti-metabolite drug is commonly utilized for treating the
liver cancer as well as colorectal cancer. 5-FU exerts its anti-cancer activity through thymidylate
synthase inhibition and integration of the metabolites into the DNA and the RNA. This
mechanism often results in the resistance development to the drug, causing noteworthy restraints
to its clinical applications [32]. Therefore, the recognition of novel curative armamentarium that
will act through diverse mechanisms is essential in the present scenario. In the current study, we
discovered the anti-cancer perspectives of BNP and B that might act by i-NOS activation and e-

NOS mediated Bcl-2 family proteins—CytC—Caspase-3 and Caspase-9 signaling cascade.

In continuation with our previous work, we initially explored the mechanism of anti-HCC
potential of BNP at molecular level. The results of the total nitrite/nitrate ratios and NOS activity
after NDEA treatment revealed that the NO concentration was decreased in HCC rats, indicating
liver injury. Interestingly, the concentration of NO was increased following treatment with 5-FU,
B and BNP, demonstrating their protective action. NO plays both cytotoxicity actions and
cytoprotective actions in the liver [33]. Significantly, NO produced by inducible form or

inflammatory isoforms of the NOS (also referred to as i-NOS) resulting in a hepatic injury
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during the hepatic carcinoma, whereas NO produced by endothelial form or constitutive isoforms
of the NOS (also referred to as e-NOS) thereby offering the protection against these grievances
[33]. In general, the higher NO levels induce apoptosis thus, our study is mainly based on
differential expression of e-NOS and i-NOS in caspase mediated mitochondrial apoptosis. The
obtained results point toward that the downstream expression of e-NOS and the upstream
expression of i-NOS led to the incidence of HCC in CC group. However, treating with BNP and
B normalized the expression levels of both the isoforms of NOS. The protective action was
slightly higher for Bnp than parent B.

On the other hand, both e-NOS and i-NOS play an important role in cellular apoptosis [34,35].
The cellular apoptosis occurs in two ways i.e. extrinsic death receptor pathway and intrinsic
mitochondrial pathway. Bcl-2 family regulates mitochondrial pathway where anti-apoptotic
(Bcl-2 and Bcl-xI) and pro-apoptotic (BAX and BAD) proteins are released [34,35,36]. The
results acquired from the qRT-PCR studies and western blot studies disclosed that increased
expressions of Bcl-xl, Bcl-2, and decreased expressions of BAD, BAX in CC group restored to
normal after B and BNP treatments. Cyt-c could release from the mitochondria with the
activation of all these apoptogenic markers, which ultimately could attached with procaspase-9
and APAF1 to turn out apoptosome [34,35,36]. This complex formation takes place in presence
of Caspase-9 and Caspase-3. We observed that both BNP and B restored the diminished levels of
Caspase-9 and Caspase-3, and therefore, these might prove themselves as apoptotic activator.
Considering altogether, both B and BNP causes induction of apoptosis through i-NOS and e-
NOS induced activation of Bcl-2 family proteins — Cyt C — Caspase-3 and Caspase-9 signaling
cascade. This action was more prominent for PLGA loaded nanoparticles of B i.e. BNP than the

pure B.

To investigate efficacy of BNP due to the activation of e-NOS and i-NOS, we also applied a data
based mathematical modeling approach in the present work. To achieve this, we translated the
steps involved in stimulation of e-NOS and i-NOS pathway into a system of ordinary differential
equations and put the quantitative values of qRT-PCR analysis into the formulated system
through MATLAB software [16,17]. It was identified from mathematical modeling that the
decrease in concentration of cancer cells is maximum for BNP than B. This implied that the

enhanced activation of e-NOS and i-NOS by the BNP caused the apoptosis of cancer cells more
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efficiently as compared to B and 5-FU. It was further observed from the graphs that stimulation
of e-NOS and i-NOS resulted in elevation of BAX+BAD, declination of Bcl-2+Bcl-xI in the
cytoplasm and increase in the concentrations of Caspase-9 and Caspase-3. Applying
mathematical modeling, it had also been observed that the apoptosis of cancer cells was
mediated by e-NOS and i-NOS stimulation in our experiment. Thus, the quantitative gRT-PCR
and data-based mathematical modeling strongly supported the potential of BNP to induce

apoptosis to the cancer cells mediated via stimulation of e-NOS and i-NOS.

In addition, it is obligatory to realize the metabolic discriminations during the carcinogenic
condition and recovery after treatments with B and BNP. The tumor-induced hyperlipidemia
leads to the progression of liver cirrhosis during the HCC development, which ultimately led to
the liver damage [37]. Liver damage during carcinogenic condition was observed through
increased TC, TG, LDL, VLDL and decreased HDL concentrations in CC rat sera as compared
to the NC. The BNP and B treatments normalized these concentrations, which further accounted
protective activities of B and BNP.

Finally, a *H-NMR-based serum metabolomic approach was employed to assess the capability of
BNP and B to reinstate the metabolic perturbations related to NDEA-exposed HCC. The box-
cum-whisker plots and OPLS-DA score plots employing the MetaboAnalyst [38] attained from
1D-'H-CPMG-NMR spectral data of rat serum samples evidently expressed the noteworthy
metabolic discriminations in the HCC conditions. The HCC condition was accentuated via
decreased glucose and increased lactate levels, which further demonstrated cancerous condition
[37]. We observed similar War-burg effects where superior quantity of glucose was consumed by
cancerous tissue and formed lactate as by-product [39, 40]. The interesting observation
documented in our study was to restore these two metabolic alterations i.e. reduced glucose and
elevated lactate levels, a hallmark for tumor progression. Contrasting to it, tyrosine was up-
regulated in the NDEA-induced rat that indicated higher rate of catabolism during the cancerous
state [41,42]. Administration of BNP and B caused an extensive lowering in the tyrosine level,

further supporting their hepatoprotective actions.

Tyrosine and glutamine are the important amino acids, which help for the catabolic reaction in

humans during the carcinogenic conditions [43]. Administration of BNP and B caused a
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noticeable decreased in the glutamine level. The protection against HCC condition was further
noticed in NMR-based metabolomic studies. Box and whisker plot showed a lover amount of
NAG and lipids in CC rat sera, indicating a higher cell membrane formation, as both are the
imperative elements of the cell membrane [44,45]. Again, both these metabolites became
normalized after treatments with 5-FU, B and BNP, demonstrating their protective ability against
HCC. Furthermore, VLDL/LDL was observed to be augmented in CC rat as both metabolites are
the precursor for the production of cholesterol and cholesterol is utilized by cell for cell
membrane production [41,46,47,48]. B and BNP administration again normalized these
metabolites concentration near to normal, which further demonstrated their anticancer properties.
We perceived that the HCC rat sera had a lower amount of glycerol, demonstrating increased
lipid metabolism in cancerous condition [49,50]. In addition, treatment with 5-FU, BNP and B
regularized the glycerol serum levels, indicating their capability to augment the glycerol
metabolism. B and Bnp treatment also normalized trans-aconitate, and formate in serum, the
metabolic pathway was consequently established according to the VIP scores of the concerned
metabolites. The metabolic perturbations showed a reduced tricarboxylic acid (TCA) cycle
(glutamine) and elevated B-oxidation (lipoproteins and lipids) glycolysis or gluconeogenesis
(glucose and lactate) during HCC condition which is well supported by earlier report
[38,37,39,40,41,42,43,44,45,46.47,48,49,50]. The deregulated metabolites displayed the
modified energy metabolism of the tumor cells and majority of the metabolic transformations
were reorganized again to regular standard by 5-FU, BNP and B administration, advocated its

potential concerning with balancing the metabolic irregularities pertaining HCC.
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5. Summary and conclusion.

Hepatocellular carcinoma, especially in the later stages, is a major problem in the clinic and
serious complication of cirrhosis or other chronic liver disease. At present, the treatment
strategies are limited and there is a clear need for new therapies. Only a few medications are
available in the market for the treatment of HCC, possession of contraindication and side effects
are the biggest unacceptability for the patient. Sorafenib is only FDA approved drug for
the treatment of HCC with limited response rate due to local metastasis and
chemotherapeutic resistance. Betulinic acid (B) is a naturally occurring product acquired from
Dillenia indica stem bark, belonging to the family Dilleniaceae, having a pentacyclic triterpene
nucleus with the broad range of pharmacological activities and biological activities like
anticancer, antimalarial, anti-HIV, antibacterial, anti-inflammatory, anthelmintic, antinociceptive
activities. The chief disadvantage associated with natural products is poor oral absorption, which
may lead to lower effectiveness. Therefore, the foremost purpose of my research work is to
isolate B, formulate nanoparticle of B (BNP) for treating HCC at molecular and cellular level.

Based upon the compatibility, desired biocompatible and biodegradable properties PLGA
polymer was selected. The selected polymer was anticipated to possess capability of giving
stable formulation, having high entrapment efficiency and drug loading. For polymeric
nanoparticles, PLGA and PV A concentration was selected based on the particle size, %EE, drug

loading and in vitro release.

Taking this scaffold as parent molecule B was isolated and formulated BNP by emulsifcation and
the solvent evaporation technique with PLGA and different concentration of PVA. All batches of
BNP subjected to zeta potential, particle size, PDI, entrapment efficiency, drug loading, in vitro

drug release, SEM and FTIR analysis for optimization.

Once the formulation and characterization have been completed, optimized formulation BNP and
B were subjected to in vitro screening on Hep-G2 cell line to investigate their anti-proliferative
potential against HCC cells. Although the parent compound B represented the moderate
cytotoxic potential (Glso = 10 pg/mL) towards the Hep-G2 cell line, BNP exhibited high order of
cytotoxicity (Glsp < 10pg/mL) against the Hep-G2 cell line. Again cellular uptake analysis was

performed against Hep-G2 cells to reveal their cellular internalization potential. This action was
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substantiated through confocal images where we established that BNP had good penetration
power and entered inside the HepG2 cell to a greater extent than the parent compound B. Both
these experiments suggested that BNP had more antineoplastic potential than the parent
compound B.

On the basis of in vitro result, both BNP and B introduced for detailed in vivo pharmacological
study. Prior to initiate this study, we performed in vivo pharmacokinetic studies for the
estimation of drug concentration in the plasma as stated by the profile of BNP and B where
experiment demonstrated that BNP had a higher volume of distribution in plasma than the parent
compound B. This action may be due to the lower particle size of BNP, which was ultimately
absorbed to a greater extent after the oral administration in the rats.

We, therefore, conducted in vivo anti-proliferative screening of both BNP and B in the NDEA-
induced HCC model using male albino Wistar rats and provides few notable findings related to
the mechanism underlying the BNP action. In our preliminary investigations, we assured for the
induction of carcinogenic condition in NDEA-exposed rats by the reduced body weight of
animals and higher incidence number of carcinogenic nodules in the liver tissue. The examined
lessening in these alterations after BNP and B administration was principal proposition of its
shielding effect against carcinogenic condition, which suggests the necessitation of additional
biochemical and pathophysiological investigations. It has now been depicted that there is a
decline in the action of anti-oxidants during the HCC conditions. The reduction in the enzymatic
defense of SOD, CAT, and GSH and was profoundly observed after the NDEA treatment that
unveils their increased utilization during excessive cellular proliferation. Further, the NDEA
treatment increased the production of MDA and PC that validated the damage of the proteins and
cellular lipids, respectively. It is notable that BNP and B administration reduced the levels of PC
and MDA with restoration of enzymatic antioxidant defense of CAT, SOD and GSH,

corroborated its tumor shielding capability with remarkable antioxidant effects.

Further, biliverdin and bilirubin are the catabolic by-products of RBCs, and the raised the levels
of the following biomarkers which pointed toward hepatic damage. The elevation in these
markers during the exposure to NDEA and their restoration after BNP and B administration also
hold up the control of hepatic disease. Moreover, NDEA exposure elevated the levels of enzymes

imperative for the liver function (AST, ALT and ALP) which reflect the advancement of
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carcinogenesis condition. The observed efficacy of BNP to restore these enzyme levels indicated
the ability of BNP to prevent hepatic damage. Similarly, the high concentration of LDH in the
serum attained in the NDEA-exposed group could be accountable for NDEA-mediated damage
to the liver due to incidence of pre-neoplastic lesions. Treatment with BNP led to the
enhancement in LDH level which probably caused the attenuation in mitigation of pre-neoplastic
lesions and hepatic damage and thereby potentiating its antitumor property.

Recent studies suggested that few pro-inflammatory cytokines and are engaged in the cancer
progression inflammation pathogenesis. B usually brings to bear anticancer activity moreover by
activating the apoptotic mitochondrial pathway or by inducing cellular stress, such as DNA
damage and cytokine withdrawal. Therefore, we examined the modified stages of caspases and
cytokines between diverse faction through the ELISA and investigated the consequences of BNP
and B treatments over the carcinogen control group. In NDEA-exposed rats, the inflammatory
cytokines were raised and were declined to a definite degree after BNP and B administrations.
On the contrary, caspase-8 and caspase-3 were rapidly decline in the carcinogen control group
and were notably raised again to the normal stages after BNP and B administrations. It was
recognized that distinctive to the tested cytokines, the stages of caspase-8 and caspase-3 in the
NDEA-exposed group were rapidly re-establish to the regular level after administration of BNP
and B, and this effect was further distinct in the BNP-treated group as compared to the B-treated
group. Further protective effect of BNP was evidenced through SEM analysis and
histopathology. The microscopic image of histopathology showed irregular shaped cytoplasm
and nuclei in the NDEA-treated rats that were most likely owing to unwarranted generation of
free radical during the NDEA exposure. The potential reduction in denatured and ruptured cells
(RC and dN) in BNP treated groups denoted the ameliorative perspectives of BNP against HCC.

A similar trend was found in SEM analysis also.

Further, we investigated the mechanism of anti-HCC perspectives of BNP at molecular level.
The levels of total nitrite/nitrate ratios, NOS, i-NOS are increased and e-NOS level decreased
after NDEA treatment revealed that the NO concentration was decreased in HCC rats,
representing liver injury. Interestingly, the concentration of NO was increased after BNP and B

treatments, demonstrating their protective action, higher for BNP than parent B.
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Further, gene expression analysis revealed that the BNP and B treatment provided a rapid
reduction in i-NOS, Bcl-2, Bcl-xI and induction in e-NOS, Cyt-C, BAD, caspase-3, BAX, and
caspase-9 mRNA expression which followed a trend similar to those measured in ELISA.
Furthermore western blot study disclosed that increased expressions of Bcl-xl, Bcl-2, and
decreased expressions of BAD in CC group re-established to the normal level after BNP and BP
treatments Considering altogether, both BNP and B causes induction of apoptosis through e-
NOS and i-NOS induced activation of Bcl-2 family proteins - Cyt C — Caspase-3 and Caspase-
9 signaling cascade. This action was more prominent for BNP than the pure B.

Again we also applied a data based mathematical modeling approach in the present work. To
accomplish the following, we deciphered the quantitative assessment of gRT-PCR analysis into
the formulated method through the MATLAB software. It was recognized from the mathematical
modeling that the decrease in concentration of cancer cells is maximum for BNP than B. It was
further observed that stimulation of e-NOS and i-NOS resulted in elevation of BAX+BAD,
declination of Bcl-2+Bcl-xI in the cytoplasm and increase in the concentrations of Caspase-9 and
Caspase-3. Thus, the quantitative gRT-PCR and data-based mathematical modeling strongly
supported the potential of BNP to induce apoptosis to the cancer cells mediated via stimulation

of e-NOS and i-NOS.

In addition, the tumor-induced hyperlipidemia leads to the progression of liver cirrhosis during
the HCC development, which ultimately led to the liver damage. Liver damage during
carcinogenic condition was observed through increased TC, TG, LDL, VLDL and decreased
HDL concentrations in CC rat sera as compared to the NC. The BNP and B treatments
normalized these concentrations, which further accounted protective activities of BNP were more

prominent than pure B.

We further implemented *H-NMR-based metabolomics to estimate whether BNP and B have the
capability to reinstate the metabolic perturbations linked to NDEA-exposed HCC condition. The
box-cum-whisker plots and OPLS-DA score plots by utilizing the MetaboAnalyst were achieved
from the 1D-'H-CPMG-NMR spectral results of the rat serum and clearly demonstrated
significant metabolic modifications in the NDEA-exposed carcinogenic condition. Interestingly,

a decreased glucose level and augmented lactate level were detected in the NDEA-exposed
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group, which was well supported by earlier findings that demonstrate the carcinogenic condition.
These findings completely prop up the Warburg effect and may be associated with a superior
quantity of glucose utilization by the proliferating tissues pursued by the formation of the by-
product, lactate. The noteworthy incidence witnessed in this investigation manifested the
exceptional capability of BNP and B to reinstate two foremost metabolic perturbations, i.e.,
elevated lactate levels and reduced glucose levels, a characteristic feature for the progression of
tumor. Furthermore, VLDL/LDL was observed to be augmented in CC rat as both metabolites
are the precursor for the production of cholesterol and cholesterol is utilized by cell for cell
membrane production. B and BNP administration again normalized these metabolites
concentration near to normal, which further demonstrated their anticancer properties. The
metabolic perturbations showed a reduced tricarboxylic acid (TCA) cycle (glutamine) and
elevated B-oxidation (lipoproteins and lipids) glycolysis or gluconeogenesis (glucose and lactate)
during HCC condition.

In conclusion, developed PLGA based nanoformulation (BNP) demonstrated enhanced oral
bioavailability, pharmacotherapeutic efficiency and anticancer effect. The current study
substantiates the biochemical, pathophysiological and molecular link of BNP treatment and
demonstrates the mechanism of anti-tumor response. Our obtained in vivo data confirms those of
the earlier in vitro investigation. Although the molecular insights discovered for BNP action
provides the caspase activation mediated mitochondrial apoptotic pathway. Moreover, using a
metabolomics approach in an in vivo model, we discovered an advanced mechanistic
understanding of BNP action at cellular level. Altogether, the results indicate that BNP has
outstanding potential to obliterate HCC and could serve as prospective component for the growth
of anti-HCC drugs.

Babasaheb Bhimrao Ambedkar University (A central University), Lucknow Page 100



International Journal of Nanomedicine downloaded from https:/www.dovepress.com/ by 14.139.228.226 on 16-Feb-2018
For personal use only.

International Journal of Nanomedicine

3

Dove

ORIGINAL RESEARCH

Poly(lactic-co-glycolic acid)-loaded nanoparticles
of betulinic acid for improved treatment of
hepatic cancer: characterization, in vitro and

in vivo evaluations

Pranesh Kumar'
Ashok K Singh'
Vinit Raj'

Amit Rai'

Amit K Keshari'
Dinesh Kumar?
Biswanath Maity?
Anand Prakash?
Sabyasachi Maiti*
Sudipta Saha'

'Department of Pharmaceutical
Sciences, Babasaheb Bhimrao
Ambedkar University, Vidya Vihar,
Lucknow, Uttar Pradesh, India;
2Centre of Biomedical Research,
SGPGIMS Campus, Lucknow, Uttar
Pradesh, India; *Department of
Biotechnology, Babasaheb Bhimrao
Ambedkar University, Vidya Vihar,
Lucknow, Uttar Pradesh, India;
“Department of Pharmacy, Indira
Gandhi National Tribal University,
Amarkantak, Anuppur, Madhya
Pradesh, India

Correspondence: Sudipta Saha

Department of Pharmaceutical Sciences,
Babasaheb Bhimrao Ambedkar University,

Vidya Vihar, Raebareli Road, Lucknow
226025, Uttar Pradesh, India

Tel +91 80 9074 7008

Email sudiptapharm(@gmail.com

This article was published in the following Dove Press journal:
International Jjournal of MNanomedicine

Purpose: The application of betulinic acid (B), a potent antineoplastic agent, is limited due to
poor bioavailability, short plasma half-life and inappropriate tissue distribution. Thus, we aimed
to prepare novel 50:50 poly(lactic-co-glycolic acid) (PLGA)-loaded B nanoparticles (BNP) and
to compare its anti-hepatocellular carcinoma (HCC) activity with parent B.

Methods: BNP were synthesized and characterized using different methods such as scanning
electron microscopy (SEM), fourier-transform infrared (FTIR) spectrometry and particle size
analyses. Particle size of BNP was optimized through the application of the stabilizer, polyvinyl
alcohol (PVA). The anti-HCC response was evaluated through in vitro cell line study using
Hep-G2 cells, confocal microscopy, in vivo oral pharmacokinetics and animal studies. Further,
quantitative reverse transcription polymerase chain reaction (QRT-PCR) analysis was conducted
to observe the changes in the expression of specific genes.

Results: Particle size of BNP was optimized through the application of the stabilizer, polyvinyl
alcohol. Physicochemical characterization exhibited particle size of 257.1 nm with zeta poten-
tial =0.170 mV (optimized batch B, BNP). SEM and FTIR analyses of BNP showed that cylindri-
cal particles of B converted to spherical particles in BNP and there were no interaction between
B and used polymers. The release study of optimized BNP was highest (=80%) than any other
formulation. Later, in vitro cell culture analysis using Hep-G2 cells and confocal microscopy
studies revealed that BNP had the highest inhibition and penetration properties than parent B. Oral
pharmacokinetics studies using albino Wistar rats at single 100 mg dose again exhibited BNP had
the higher 50% of plasma concentration (t, ), a higher maximum plasma concentration (C__ ) and
took longer to reach the maximum plasma concentration (T__ ) than parent B. Next, our in vivo
study using nitrosodiethyl amine (NDEA)-induced HCC model documented BNP decreased in
number of nodules, restored body weight, oxidative stress parameters, liver marker enzymes and
histological architecture than parent B. Lastly, gRT-PCR studies further demonstrated that anti-HCC
properties of BNP may be due to over expression of antiapoptotic caspases i.e., caspase 3 and 8.
Conclusion: The prepared BNP showed a better therapeutic response against HCC and could
be attributed as future candidate molecule for HCC treatment.

Keywords: betulinic acid, PLGA-loaded nanoparticles, HepG2 cells, hepatocellular carcinoma,
caspase-3 and -8

Introduction
The development of drug delivery system of existing marketed drugs for better
therapeutic index and reduced toxicological properties are the basic criteria of modern
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ARTICLEINFO ABSTRACT

A natural product betulinic acid (BA) has gained a huge significance in the recent years for its strong cyto-
toxicity. Surprisingly, in spite of being an interesting cancer protecting agent on a variety of tumor cells, the
normal cells and tissues are rarely affected by BA. Betulinic acid and analogues (BAs) generally exert through the
mechanisms that provokes an event of direct cell death and bypass the resistance to normal chemotherapeutics.
Among several cancer protecting natural products, BA is divulged as a potentially selective anti-melanoma agent
and has been entered into phase II clinical trials against skin cancer. Although the major mechanism associated
with its ability to induce direct cell death is mitochondrial apoptosis, there are several other mechanisms ex-
plored recently. Importantly, mathematical modeling of apoptosis has been an important tool to explore the
precise mechanism involved in mitochondrial apoptosis. Thus, this review is an endeavor to sum up the mo-
lecular mechanisms underlying the action of BA and future directions to apply mathematical modeling technique
to better understand the precise mechanism of BA-induced apoptosis. The last section of the review encompasses

Keywords:

Betulinic acid

Molecular mechanism

Apoptosis

Mathematical modeling

Chemical modifications and formulations

the plausible structural modifications and formulations to enhance the therapeutic efficacy of BA.

1. Introduction

3p-Hydroxy-lup-20(29)-en-28-oic acid (betulinic acid, BA, Fig. 1) is
chemically a lupan-skeleton pentacyclic triterpene and has a remark-
able place in natural anticancer medicine [1]. The pentacyclic tri-
terpene nucleus of BA is comprised of six isoprene units that possess
different biological activities including antitumor activity [2,3]. The
antitumor activity of BA has been well documented due to its ability to
trigger apoptosis in variety of tumor cell types. Apoptosis is a process of
programmed cell death that occurs due to several biochemical events
followed by characteristic changes in cell morphology and death.
Cancer cells have a strong ability to impair the mitochondrial pathway
of apoptosis [4]. Besides cellular bicenergetics, mitochondria play an
imperative role in the persistent regulation of apoptosis. In particular,
BA and analogues (BAs) have been known to exhibit potential anti-
tumor action via provoking the mitochondrial pathway of apoptosis
[5].

Several authors have reported their views over the mechanisms
underlying the antitumor action of BAs. For example, the downstream
regulation of Bcl-2 family proteins (Bcl-2 and Bel-xl) [6], cytosolic
caspase activation and nuclear fragmentation [7], inhibition of pro-

* Corresponding author.
E-muail address: sudiptapharm@gmail.com (8. Saha).
! These are the main authors who contributed equally.

https://doi.org/10.1016/j.1fs.2018.07.056

apoptotic p38, MAPK and SAP/JNK kinases [8], and decreased ex-
pression of pro-apoptotic proteins and vascular endothelial growth
factor (VEGF) [9].

Despite the availability of plethora of literatures signifying the
awesome function of BA in cancer drug discovery, none of the previous
artwork emphasized its mechanistic action in correlation with mathe-
matical modeling of apoptosis to the best of our knowledge. This article
is consequently devoted to review the explored molecular mechanisms
of BA action and to direct the future needs in search of precise me-
chanism of BA action using mathematical modeling. Other important
aspects in the study of BA cytotoxicity are its chemical modifications
and various formulations, summarized in last section of the review.

2. Molecular mechanism of BA
2.1. General mechanism for anticancer activity of BA

Although the exact mechanism underlying BA-induced cytotoxicity
is broadly unexplored to date, several studies have offered considerable

insights into BA-induced cell death through a number of apoptotic
mechanisms. Apoptosis occurs due to several biochemical events leads
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ABSTRACT

The effectiveness of betulinic acid (B) and PLGA loaded nanoparticles of B (Bnp) against hepatocellular
carcinoma (HCC) was established and reported earlier. In continuation of our previous report, the pre-
sent study described the molecular mechanisms of their antineoplastic responses. In this context, the
antineoplastic properties of both B and Bnp were evaluated on DEN-induced HCC rat model. The
quantitative real-time polymerase chain reaction and western blot analyses revealed that HCC was
developed through lower expressions of e-NOS, BAX, BAD, Cyt C and higher expressions of i-NOS, Bcl-
xl, Bcl-2. B and Bnp normalised the expressions of these apoptogenic markers. Particularly, both acti-
vated i-NOS and e-NOS mediated Bcl-2 family proteins—CytC—Caspase 3 and 9 signalling cascades.
The 'H-NMR-based metabolomics study also demonstrated that the perturbed metabolites in DEN-
induced rat serum restored to the normal level following both treatments. Moreover, the antineoplas-
tic potential of Bnp was found to be comparable with the marketed product, 5-flurouracil.

Introduction

Now-a-days, hepatocellular carcinoma (HCC) is the second
leading cause of death in the developing countries and sixth
common cause of death in the developed countries (Torre
et al. 2015). Unfortunately, the treatment of HCC is still
remained unsatisfactory due to the unexplored cellular
mechanisms of HCC development into cellular levels (http://
seer.cancer.gov/faststats). Various synthetic chemotherapeutic
agents have showed promising effects on HCC, but, these
could develop chemoresistance to patients following a long-
term treatment (Newman et al. 2003). Sorafenib, a leading
drug molecule used for HCC treatment (Bruix and Sherman
2011), often produces disease related metastasis and resist-
ance (Wilhelm et al. 2006). In addition, it display significant
adverse effects and its cost of treatment is extremely high
(Kondo et al. 2017). To overcome these shortfalls, the natural
products could be the alternative choice for hepatic cancer
treatment (Cragg et al. 1997).Therefore, there is an urgent
need to discover newer plant-derived anticancer agents for
effective treatment of HCC cancer.

Cancer chemotherapy is the most challenging scenario in
modern drug development where low toxicity with improved
pharmacological responses and lower side effects are always
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a priority (Davaran et al. 2006). Betulinic acid (B, Figure 1) is
a naturally occurring pentacyclic triterpenoid and it demon-
strates diverse pharmacological responses such as anti-malar-
ial, antiviral, anti-inflammartory and anti-carcinogenic
properties (Armstrong and Doll 1975, Fujioka et al. 1994,
Mayaux et al. 1994). The anticancer property of B is mainly
due to the activation of mitochondrial Bcl-2 pathways where
caspase enzymes, various pro-apoptotic (BAX and BAD) and
anti-apoptotic (Bcl-2 and Bd-xl) proteins are involved
(Armstrong and Doll 1975, Fujioka et al. 1994, Mayaux et al.
1994, Wick et al. 1999, Fulda 2008, Adamson et al. 2009).

The major drawback associated with natural products is
poor oral absorption and limited bioavailability, which might
lead to its lower therapeutic effectiveness. B is the similar
class of natural product which has poor oral absorption and
bioavailability (Xu et al. 2012). Recent investigations sug-
gested that these problems might be overcomed via its
delivery through nanoformulations (Roy et al. 2010, Xie et al.
2011, El-Say 2016). Inspired by the previous literatures, our
group recently developed poly(lactic-co-glycolic acid) PLGA
nanoparticles containing B (i.e. Bnp) to improve its oral bio-
availability and anti-HCC potential (Kumar et al. 2018).
However, the mechanism of antineoplastic potentials of both
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18. Shalini Chauhan, Pranesh Kumar, Ashok K Singh, Vinit Raj, Amit Rai, Amit K
Keshari, Anand Prakash, Sudipta Saha: Protective Effect of Naringin against Pylorus

Ligation-induced Esophagitis in Male Wistar Rats. Indian Journal of Pharmaceutical
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Sciences 04/2017; 79(2):250-256., DOI:10.4172/pharmaceutical-sciences.1000223
IF-0.73

19. Pranesh Kumar, Ashok K Singh, Vinit Raj, Amit Rai, Siddhartha Maity, Atul
Rawat, Umesh Kumar, Dinesh Kumar, Anand Prakash, Anupam Guleria, Sudipta
Saha: 6,7-dimethoxy-1,2,3,4-tetrahydro-isoquinoline-3-carboxylic acid attenuates
hepatocellular carcinoma in rats with NMR based metabolic perturbations. Future
science OA, 04/2017; 3(3)., DOI:10.4155/fsoa-2017-0008

20. Amit K. Keshari, Ghanendra Kumar, Priya S. Kushwaha, Monika Bhardwaj, Pranesh
Kumar, Atul Rawat, Dinesh Kumar, Anand Prakash, Balaram Ghosh, Sudipta Saha:
Isolated flavonoids from Ficus racemosa stem bark possess antidiabetic,
hypolipidemic and protective effects in albino Wistar rats. Journal of
ethnopharmacology 02/2016; 181., DOI:10.1016/j.jep.2016.02.004 IF- 3.69

21. Pranesh Kumar, Atul Rawat, Amit K Keshari, Ashok K Singh, Siddhartha Maity,
Arnab De, Amalesh Samanta, Sudipta Saha: Antiproliferative effect of isolated
isoquinoline alkaloid from Mucuna pruriens seeds in hepatic carcinoma cells. Natural
Product Research 03/2015;30(4):1-4.,DOI:10.1080/14786419.2015.1020489. IF- 1.99

Patent:

22. Ashok K Singh, Sudipta Saha, Vinit Raj, Amit Rai, Amit K Keshari, Pranesh
Kumar: 5H-benzo[2,3][1,4]thiazepino[5,6-b]indoles for the treatment of liver
cancer. Ref. No: Application Number 201711026168, Year: 07/2017

Book chapter:

23. Ashok K Singh, Archana Singh Bhadauria, Pranesh Kumar, Sudipta Saha,
“Bioactive and drug delivery potentials of polysaccharides and their derivatives”

Polysaccharide Carriers for Drug Delivery, Elsevier.
Presentations, Conference and Workshop Attended:

1. Attended Flow Cytometry Workshop on Basics of Flow Cytometry and its application in
Biomedical Sciences, Lucknow, 5-7 March, 2020 organized by BBAU Lucknow.

2. Attended and presented poster in “World Immunology Day” organized by BBAU
Lucknow in 2019.
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3. Attended 11" NIPER (R) Symposium on “Natural products based theraputics in drug
developmet” organized by NIPER, Raebarelly in 2019.

4. Attended and presented poster in two days National conference on “Tourists and green
space: Healthier life style approaches from nature” organized by BBAU Lucknow in
2017.

5. Four days “International Conference on updates in cancer prevention and research”
organized by BBAU Lucknow in 2017.

6. Two days International Pharmaceutical Conference 2015 on “Nanoformulations and
Translational Research: Small Getting Bigger” organized by BBAU Lucknow.
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Brief Curriculum Vitae

Pranesh Kumar
Contact No. +91-8542929351
Email ID. pranesh.psit@gmail.com

Educational details

Degree University/Institute Discipline Division
Ph.D. BBAU, A Central Pharmaceutical Pre-Ph.D.
University, Lucknow sciences Submitted
M.Pharm.  BBAU, A Central Pharmacology First
University, Lucknow Division
B.Pharm. PSIT, Kanpur Pharmacy First
Division

Achievements

>  DST INSPIRE Fellowship JRF (2017) & SRF (2018).

»  DST Project Fellow, JRF (2016)

»  Double Gold medalist of M.Pharm (Pharmacology) session 2013-2015.
»  GPAT Qualified in 2013, 2014 & 2015.

Research publications
Publications on Ph.D. Thesis Other Publications

Number of Papers in journals 03 18
Number of Patents - 01
Number of Book chapters - 01
Conferences and workshops:

Number of Training and workshops 01

Number of International 02

Seminars/Conferences
Number of National Seminars/Conferences 03

Research expertise

Anti-Cancer, Nanoformulations, Isolation of natural products, Spectroscopic Analysis, Anti-
diabetic, Drug Design and Discovery, In silico Drug Design, In vitro and In vivo
pharmacological screening of novel molecules, Pharmacological Screening at molecular levels,
NMR based metabolomics.

Personal details

Nationality Indian Permanent Village and Post- Shikargarh, Dist-
Language Known Hindi, English Address Maharajganj, UP- 273309
Gender Male
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