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ABSTRACT

Drug abuse is an escalating problem prevalent th laoge metropolitan and rural
places and is a major cause of mortality and mayball over the world. Drugs of abuse
such as morphine and nicotine are consumed by @dopprolonged periods of times to
improve their physical and mental condition as vesllto get relief from pain and other
medical conditions. This prolonged intake oftenrtajgs with the clinical regimen of
several chronic neuropsychological, cardiovascyaimonary, infectious and neoplastic
diseases. One in four patients living with humamumodeficiency virus (HIV) infection
reported use of drugs of abuse. Achieving targeaaellular concentrations during long
term therapy of several diseases can be challemgiado number of factors such as poor
adherence, drug resistance and drug-drug interecti®@ne important mechanism of
multidrug resistance involves the up-regulationnadltidrug resistance transporter, p-
glycoprotein (p-gp), member of ATP binding cassé&8C) superfamily that effluxes
most of the therapeutic drugs and reduce theiagetiular accumulation. Drug-drug
interactions can result from inhibition and indoatiof the cytochrome P450 enzymes



and/or efflux transporters. Drugs of abuse haveathibty to potentiate or attenuate the
effects of co-administered therapeutic drugs thatlead to toxic effects or a reduction in
the therapeutic activity of the co-administeredgdtuThis thesis investigates the chronic
effect of morphine and nicotine on the expressiod &unctional activity of efflux
transporters (MDR1, MRP2, and BCRP) and metabdizenzymes (CYP3A4).
Induction of Pregnane-X-Receptor (PXR) was foundegulate the induction of MDR1
and CYP3A4 gene expression. Interactions betwaeagsdof abuse and therapeutic
drugs provide crucial insights into the failure dinical regimen in patients suffering
from HIV, cancer and other infections. Results frims thesis elucidate the mechanism
behind the interactions between morphine and meotind HIV protease inhibitors.
Studies were performed primarily through the useno¥itro models; e.g. LS180 and
Caco-2 (for intestine) and HepG2 (for liver).

In the second set of my studies, expression andtiumal activity of efflux
transporters in Calu-3, human airway epithelial loe¢ was investigated. Expression and
functionality of efflux and influx transporters itne airways is poorly identified and
characterized. Results from this project allow ustianding of the drug absorption in
airways. As part of the study, molecular and fumwdl activity of breast cancer
resistance protein was identified for the firstdintolic acid receptor-alpha and proton
coupled folic acid transporter expression was ifiedt at molecular and protein level
across human bronchial epithelial cell line, CaluSthce nicotine is smoked through

lungs, effect of nicotine on the expression anccfimmal activity of efflux transporters

iv



and metabolizing enzymes was determined. Nicotiag fwund to induce MDR1, BCRP

expression and CYP3A4/A5 metabolism in Calu-3 cellmle Sprague Dawley rats were
treated with nicotine to investigate the effectnafotine on CYP3A4 mediated rat lung
metabolism. Cortisol was used as a model substmtevaluate CYP3A4 mediated
metabolism. Cortisol metabolism enhanced in nieotireated rats than control rats
signifying the enhanced CYP3A4/A5 metabolism. Femore, cortisol metabolism

enhanced in microsomes obtained from smokers wbepared to microsomes obtained

from non-smokers.
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CHAPTER-1

INTRODUCTION

Overview

Drug abuse is an escalating probleragleat in both large metropolitan and rural
places and is a major cause of mortality and mdsbial over the world. Drugs are
abused by people for prolonged periods of timemprove their physical and mental
condition as well as to get relief from pain antestmedical conditions. This prolonged
intake often overlaps with the clinical regimen s&veral chronic neuropsychological,
cardiovascular, pulmonary, infectious and neoptastliiseases. Global human
immunodeficiency virus (HIV) epidemic continuesgmw in many countries and abuse
of tobacco, alcohol and illicit drugs poses a risk HIV clinical regimens. Global
estimates in 2013 indicate that approximately 34liani people were estimated to be
living with HIV infection and one in four peopleving with HIV reported use of drugs of
abuse. HIV protease inhibitors are the frontlinegdrin the treatment of HIV infections
and are routinely administered with non-nucleogsieléerse transcriptase inhibitors and
nucleoside reverse transcription inhibitors. Acimgwtarget plasma concentrations during
long term therapy can be challenging due to nunabdactors such as poor adherence,
viral resistance and drug interactions. Also, patiereceive therapy for prophylaxis of
opportunistic infections such as pneumocystis proeua) tuberculosis infection,
mycobacterium avium complex disease, bacterialing®py disease, bacterial enteric

infections, oropharyngeal and esophageal candgdiasd other diseases that are more
1



severe due to immunosuppression. These drug cotidriearesult in drug-drug

interactions and these primarily result from inhdn and induction of the cytochrome
P450 enzymes and/or efflux transporters. HIV prsgeahibitors are known to be
substrates and inhibitors for efflux transportarshsas MDR1, MRP2 and metabolizing
enzymes such as CYP3A4. Kim et al. demonstrated plesma concentrations of
indinavir, nelfinavir, and saquinavir were elevatedo 5 fold in MDR knockout mice

relative to wild-type mice after oral administratioFitzsimmons et al reported that
CYP3A4 mediated metabolism contributes to poor \mdability of HIV protease

inhibitors. Results from these studies indicate that P-gp aM&®324 can affect the

disposition of HIV protease inhibitors resultinglawer efficacy.

Long term exposure to drugs of abuse webdulate the expression of efflux
transporters and metabolizing enzymes and theriéythe efficacy of the HIV therapy
resulting in clinically significant drug interactis. These interactions may cause HIV
patients to require a large dosage of drugs anajleetic drug monitoring of these drugs
is conducted to prevent sub-therapeutic or toxieceatrations. Short term exposure of
mouse fibroblast NIH-3T3 cells with morphine inddcg-glycoprotein expression.
Further studies are needed to investigate theteffechronic exposure of these drugs of
abuse on the expression of efflux transporters @edabolizing enzymes. A classic
example to this hypothesis involves the effeciooil term treatment of rifampicin on HIV
protease inhibitor ritonavir and saquinavir. HIVtipats who are receiving long term

therapy of Rifampicin will need higher doses of HpYotease inhibitors to maintain
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adequate plasma concentrations. Efflux transposiech as MRP2 and BCRP also play a
major role in the disposition of several therapedtugs.

Pulmonary infections are the mainsgaof morbidity in patients with HIV. HIV
is frequently detected in lungs and alveolar madtages have also been shown to be
reservoirs for HIV disease. HIV infected persone at increased risk of manifesting
pulmonary conditions such as chronic obstructivémpnary disease (COPD), lung
cancer, and pulmonary arterial hypertension. Pulmordelivery is an efficient non-
invasive route of delivery for the treatment of pohary and systemic diseases. Our
understanding of pulmonary influx, efflux mechanssand metabolism is very limited.
Furthermore, recent studies have shown that HIMeps® inhibitors are being studied
extensively for their anticancer properties againghg cancer and pulmonary
opportunistic infections. Expression and modulatafnactivity of efflux transporters,
metabolizing enzymes and nuclear receptors is cdlype specific.
Therefore, role of efflux transporters and metatiotj enzymes in lungs needs to be

investigated.



Statement of Problem

Resistance to chemotherapy remains porn@nallenge for physicians in the
clinical management of life threatening infectiosisch as HIV. Development of drug
resistant HIV viruses after multiple drug admirasion ranging from months to years is
frequently witnessed among HIV patieht®ne of the main cause by which cells acquire
drug resistance is the induction of efflux transpa and metabolizing enzymes. Increase
of drug resistant viral load combined with therapedailure result in several deaths.
Furthermore, co-administered drugs that can indiftex transporters and metabolizing
enzymes pose an additional risk for induction a agetherapeutic failuré

Drug abuse is one of the main publealth problems in the world with an
estimated 200 million people abusing drugs illegalihd an estimated 1 million people
live with HIV in United State’ Drugs of abuse such as nicotine and morphinecaase
inhibition or induction of these efflux transpoderand/or metabolizing enzymes.
Inhibition of efflux transporters and metabolizirepzymes lead to toxicity whereas
induction results in therapeutic failure. Thusudlrinteractions may compromise the
safety and effectiveness of therapeutic medications

Failure to predict the induction putal of these drugs of abuse may lead to
therapeutic failure of the administered drugs ideghfor HIV therapy. This thesis aims to
investigate the mechanism of drug-drug interactioetsveen nicotine and morphine and
HIV protease inhibitors. Chronic effects of nic&iand morphine on the expression and

functional activity of efflux transporters (MDR1, RP, MRP2) and metabolizing
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enzymes (CYP3A4) were determined. Induction mediakelig interactions are cell type
specific and depend upon the expression and furadtiactivity of efflux transporters,

metabolizing enzymes and nuclear receptofberefore, we aim to study the inductive
effects of nicotine and morphine in in vitro moaell lines LS180, Calu-3 and HepG2

and investigate the expression and functional igtof efflux transporters.

Hypothesis

According to National Institute of RyuAbuse, approximately, 69.6 million
people of ages 12 years or older reported curreatofi tobacco. Cigarette smoking kills
an estimated 440,000 U.S citizens each %ddicotine in tobacco is highly addictive.
Clinicians often ask their patients if they are &srs or nonsmokers. It was observed
clinically that pharmacokinetic profile of inhal@asulin is significantly affected owing to
its higher concentrations in smokers than in nork&ar® Smokers might need higher
doses of medication than nonsmokers. Medicatioas itteracts with smoking often
needs dosage adjustment to achieve the theraplwids. Furthermore, cigarette
smoking is contraindicated along with hormonal caceptives and inhaled
corticosteroids because of the increased risk eéa@ cardiovascular effects. Morphine is
the opioid of choice for moderate to severe camg&n and is a substrate of p-
glycoprotein. Morphine has been shown to inducdypegprotein expression in rat brain.
Studies utilizing p-glycoprotein knock out mousedels have shown that p-glycoprotein

restricts the uptake of morphine into the brainisT@udy concluded that modulation of p-
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glycoprotein expression at the blood brain barbgrmorphine has an impact on the
central analgesic activity of morphfheincreased uptake of morphine has been
demonstrated in rats with the concomitant admiaiistn of GF120918, a known P-gp and
BCRP inhibitof. Also, rats treated with morphine for 5 days resiiin a 2 fold induction

of p-glycoprotein expression in brain.

It has been demonstrated that MDR1 mR&&h be induced by short term
exposure of some cytotoxic agefltsSuch induction of MDR1 mRNA and further
upregulation of p-glycoprotein levels leads to depment of drug resistance. Drug
delivery via inhalation is an alternative routesystemic administration. Also, drugs are
delivered directly to lungs to treat life threategidiseases such as lung cancer. Lung is an
important sanctuary organ for HIV replication analieration. During HIV infection,
low viral RNA always exists in sanctuary sites sashlungs and brain. Lungs are one of
the major targets during HIV infection and advanceomplications of AIDS.
Opportunistic infections along with serious pulmgnaomplications are often observed
in 50% of the HIV patientd. Moreover, p-glycoprotein expressed at the sangtsites

limit the concentrations of therapeutic agents.

Oral Delivery
HIV protease inhibitors have been sasfidly used to control disease progression
in HIV-1 patients. Clinical outcome of the therapggpends on the higher intracellular

concentrations of HIV protease inhibitors in céfifected with H\V®. However, clinical
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outcome of antiretroviral therapy often fails due ¢omplex factors such as poor
adherence, virological resistance, drug interastiamd cellular resistante HIV protease
inhibitors are known substrates of efflux transertsuch as p-glycoprotein, MRP2nd
metabolizing enzymes such as CYP3A4t the intestinal barrier. Drugs of abuse such as
morphine and nicotine may alter the expression autvity of these efflux transporters
and metabolizing enzymes. Clinically significanteiractions have been reported with the
chronic administration of HIV protease inhibitorgtiw drugs that are substrates for
CYP3AA4. For example, chronic administration of mawir increases the oral clearance of
methadone, phenytoin and ethinyl estradidfurthermore, PXR has been shown to play a
major role in the induction of efflux transportensd metabolizing enzymes. Drugs which
activate PXR levels may induce CYP3A4 expressioth activity'®. Three mechanisms

involved in drug-drug interactions are depictedigure-2.1.
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MNuclear hormone receptors {PXR, CAR, RXR) Drug metabolism (CYP3A4)

Figure 2.1 Mechanism of drug-drug interactions



Pulmonary Delivery

Pulmonary delivery provides a noninvasive alterreatmode of delivery to
subcutaneous as well as intravenous route. FDAoapdr several drugs for treating
respiratory and pulmonary conditions such as ajleagthma, bronchitis, cystic fibrosis,
emphysema, lung disease and otterénhaled drugs market was estimated to reach to $
44 billion by 2016 and the pulmonary market is ¢desed to be the fourth largest
therapeutic area in pharmaceutical sales. Lungs offimber of physiological benefits
such as larger surface area, thin barrier and Wgicularization) for drug delivery when
compared to other routes. Drugs are inhaled thralig lungs and enter the blood stream
the alveolar epithelium. Drug transporter proteare important determinants in drug
disposition and response with subsequent effedherpharmacokinetics of drugs. Also,
metabolizing enzymes and influx transporters playnaportant role in the modulation of
the permeability of the drugs across alveolar efitm. P-glycoprotein and MRP1
expression in human lung suggests the protective ob these transporters against
exogenous toxic substances entering from the ditbéood stream. Scheffer et al detected
higher expression of p-glycoprotein in lungs of efic P-glycoprotein kinetics was
measured by measuring lipophilic amine dye rhodanti® in intact lung. This study
showed higher rhodamine 6G accumulation in thegmes of p-gp inhibitors Verapamil
and GF120918. Another multidrug resistance transporter MRPhighly expressed at
the basolateral side of the human bronchial epa&heells. Lehmann et al detected high

MRP1 expression in normal human ldhd-unctional activity of MRP1 was also detected
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in Calu-3 cells in human bronchial epithelial dele?>. BCRP protein levels are expressed
in epithelial cell layers as well as endotheliabdad capillaries suggesting its role in the
protection of lungs against toxic compounds from @lir and blood stream respectiély
Higher BCRP expression was found to correlate wibr clinical outcome of platinum
based chemotherapy for advanced non-small cell danger celfS. These studies depict
the importance of efflux transporters in the dmsition of pulmonary drugs to the site of
action. Therefore, delivery of pulmonary drugs lte site of action may depend on the
activity and expression of the efflux transportarsd metabolizing enzymes. Little is
known about the functional activity and modulatiof these efflux transporters and
metabolizing enzymes.

Majority of the inhaled toxicants patsough the respiratory tract, exposing
pulmonary epithelium to higher concentrations theer cells. Higher concentrations can
contribute to significant metabolism in lungs. hetsame way, higher concentrations of
tobacco smoke can modulate the metabolism of C¥¥rnees. Several CYP enzymes are
expressed in the lungs of mammals, but studieb@nmodulation are very limited. Thus,
studies answering the lung specific activation fifue transporters and metabolizing
enzymes needs to be performed. Finding resultghferstudy is more difficult in humans,

thereforein vitro lung airway epithelial cell models were utilizext these studies.



Objectives

With this background the objectives of this disston are:

» To investigate the chronic effect of nicotine and wrphine on expression and
functional activity of efflux transporters and metabolizing enzymes and to
study their contribution to the intracellular accumulation of HIV protease

inhibitors.

» To characterize the expression and functional actity of folic acid carriers in

human bronchial epithelial cell line, Calu-3

> To study the role of efflux transporters in human onchial epithelial cell

line, Calu-3

» To characterize the molecular and functional actiiiy of breast cancer

resistance protein in human bronchial epithelial cls, Calu-3

> To investigate the effect of chronic exposure to odtine on the levels of efflux

transporters and metabolic enzymes in Calu-3 and tdungs

10



Drugs of abuse
Morphine and Micotine

|

In vitro cell lines In vitro cell line
L5180 & Caco-2 (Intestine) Calu-3
HepG2 (Liver) {Lungs)
Chapter-3=— e— Chapter-4 Y Chapter-7 =3
W Chapter-5, & 4
MDR1, MRP2, BCRP and Influz Efflux Metabolism
CYP3A4 expression and Folic acid carriers MDR1, MRP2 CYP3Adin Calu-
functional activity inCalu-3 cells and BCRP 3 and rat lungs

Figure-2.2Flow chart depicting the objectives of this th
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CHAPTER-2
LITERATURE REVIEW

Adverse drug reactions are one ef lgmding causes of death in the United
States. Pharmacokinetic drug-drug interactionsr@sponsible for 22% of adverse drug
interaction&®. According to National Institute of Health Sciescelrug interaction is
defined by “The pharmacologic or clinical respornsethe administration of a drug
combination different from that anticipated fromethknown effects of the two agents
when given alone”. Pharmacological desired and sinelé effects of a drug occur from
concentrations at its site of action. Concentratbm drug at its site of action depends
upon the systemic concentrations which are agawerged by absorption, metabolism,
distribution and elimination. Variations in systemtoncentrations can either cause
treatment failure of life threatening infections adverse toxicities. Interactions are of
particular concern for drugs with narrow therapeirtex’.

Drug Interactions

Drug-drug interactions can be clasdif into pharmacokinetic,
pharmacodynamic and pharmaceutical interactionarm®écokinetic interactions affect
absorption, distribution, metabolism and excretioh a target drug (figure-2.3).
Pharmacokinetic interactions are again divided iiiee subclasses: drug absorption,

protein binding and drug metabolism interactions.
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Figure 2.3 Simplified depiction of drug-drug interactions

Inhibition Interactions

Majority of drug interactions are attributed to eadttion in pharmacokinetics of
therapeutic drug of interest by concomitant drudpsctv are inhibitors of p-glycoprotein
and \or CYP3AZ#, One of the classical examples is the drug intemas of cardiac
glycosides which have a narrow therapeutic indesr Example, verapamil, when
administered at a dose of 160 mg, led to a 40%ease in the plasma concentration of
digoxin, whereas verapamil 240 mg increased thenmaconcentration of digoxin by
60% to 80%. These data suggest a dose-dependéitiarhof P-gp when verapamil and
digoxin are administered concomitatlyWhen both the co-administered drugs are
substrates of an efflux transporter and\or metabai enzymes, drug interactions are

warranted. In addition, inhibition of multiple CY#hzymes and one or more transporters
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can have a significant effect on therapy. Sedaéffect of benzodiazepines can be
increased or decreased upon co-administrationetitanol or caffeine respectivély

Drugs get absorbed across the intestinal cellmlambranes into the blood
stream. Physico-chemical properties of the drugnégation characteristics, food and
gastric emptying affect the process of absorplideactors that alter the absorption have
a profound effect on bioavailability of the drugslhese factors could be especially
significant if the therapeutic drugs are prodrubattrequire metabolic activation to
produce functional activity. For example, anticandeugs are metabolically activated
through first pass effect in the intestine and\verl before they reach systemic
circulatior’?. Decreased absorption of chlorambucil was repoitettukemia patients
when the drug was administered in fed state ratrar fasting staté Fluoroquinolone
antibiotics were prone to chelation with cationstsas calcium and magnesium, thereby
affecting the absorptich
Enzyme Inhibition

Majority of the drugs are metabalized active or inactive metabolites in

intestine and liver. Inhibition of efflux transpers and metabolizing enzymes can result
in enhanced plasma concentrations. Ritonavir, anpd@YP3A4 inhibitor is commonly
used as a pharmacological boost to enhance thevadabaility of other protease
inhibitors such as lopinavir and saquinatiGrape juice has been shown to enhance the
bioavailability of many therapeutic drugs such aalciom channel antagonists,

benzodiazepines, HMG-CoA reductase inhibitors angclosporine. Chemical
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constituents present in grape fruit juice such aaringin, naringenin, quercetin and

kaempferol are shown to have inhibitory effect oBRIL and CYP3AZX.

* [™M] i t Toxicity

T " M — Therapeutic
LA Failure

E- Efflux mediated by MDR1, BCRP, MRP
M- Metabolism by CYP3A4

Figure 2.4 Depiction of inhibition and induction drug-drug interactions

Induction Interactions

Most of the clinically relevant drugug interactions are often mediated by the
inhibition and induction of CYP3A4 (figure-2.4). ®B8A4 is the major route of
elimination of majority of therapeutic drugs. Indioa of MRNA levels of CYP enzymes
result in higher protein levels followed by enhahaetestinal and hepatic enzyme
activity. Increased metabolism can affect the droigavailability and systemic
disposition leading to reduced efficacy. Thus, nkarapeutic drug entities are screened

for their metabolism data and their potential tduce CYP3A4 has become increasingly
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important as part of preclinical studies. Rifampic a strong inducer of CYP3A4 and
therefore, its co-administration with other pregtan drugs can result in their sub-
therapeutic plasma levels and thereby can alteclthieal outcomes. Induction of efflux
transporters such as MDR1, MRP2 and BCRP also ataynportant role on the oral
bioavailability of therapeutic drugs. For examp#)R1 gene expressiomas induced in
human tumors after in vivo exposure to cytotoxiagddoxorubicin. Number of studies
in cultured cell lines has indicated that changste@ady state mMRNA levels was found to
depend on two pathways, rate of synthesis andofatiegradation. Promoters of efflux
transporters and metabolizing enzymes can be &stiiay heat shock, heavy metals,
differentiating enzymes and several therapeuticgslru Also, activation of nuclear
receptor PXR can regulate the expression of MDRILGYiP3A4.
Efflux Transporters

Overexpression of efflux transportevas found to be primary mechanism
involved in the development of multi drug resis&fcEfflux transporters are energy
dependent membrane proteins that actively efflexdiug out of the cells. ATP binding
cassette proteins are a superfamily of proteinsrtfeliate multi drug resistance through
energy driven pumps. P-glycoprotein, multi drugstesce protein (MRP 1-6) and breast
cancer resistance protein (BCRP) belonging to ABBesamily have been identified
and characterized. Even though, these efflux tramers belong to the same superfamily,
they have different with respect to their structanel amino acid sequerit@igure-2.5).

Drugs may cross the cell membrane by two methodssipe diffusion and carrier
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transport. By passive diffusion, drugs cross theilee membrane down a concentration
gradient. Rate of permeation depends upon the otnat®n gradient across the
membrane and solubility of the drug. Highly lipidlgble drugs can diffuse more easily
across the membrane than highly polar drugs. Gamegliated transport is divided into
facilitated diffusion and active transport. By &etitransport, drugs cross the membrane
against a concentration gradient with energy exipered In contrast, facilitated diffusion
does not require energy for drug tran¥feStudies have identified that most of the
therapeutic drugs are substrates, inhibitors amicders of these efflux transporters
(Table-1). They are localized and expressed in botimal and malignant cells and are
involved in the transport of many substances inalgicexcretion of toxins from liver,
kidneys and intestine. In addition, they limit frermeability of xenobiotics across blood-
placental barrier, blood-brain barrier and testis.

P-glycoprotein: MDR1 gene, also called as ABCB1 gene was originally
identified through its ability to confer multidrugsistance in tumor cells. MDR1 encodes
p-glycoprotein, a 170 KDa. plasma membrane pradeih was first identified by Juliano
and Ling in Chinese hamster ovary cells. P-glyctmois a member of adenosine
triphosphate binding cassette (ABC) superfamilgmérgy dependent efflux punffis P-
gp is expressed not only in tumor tissues but alsnormal tissues such as intestine,
lungs, liver, kidney and brain. P-gp actively etiis a wide range of structurally and
functionally unrelated substrates such as steroafdicancer drugs, HIV protease

inhibitors, antiemetics, antibiotics, histamine epitor antagonists, calcium channel
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blockers and immunosuppressé&htsP-glycoprotein has different roles in different

tissues.

PRADR T
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Figure 2.5 Structure of efflux transporters
P-glycoprotein has a protective role in eliminatkgnobiotics and toxic substances by
actively effluxing them across several barrierse liklood brain barrier and blood
placental barriéf. In liver, it plays an important role in drug elimation by effluxing the
drugs to bile. In vivo studies in mice have shown significant change in
pharmacokinetics of drugs when given simultaneouwsith specific p-gp inhibitor%.
Also, MDR1 knockout mice had increased the cellglancentrations in tissues such as
brain and livet".

MRP2: Cole et al (1992) discovered a second type of efitoteins MRPs in
cancer cells other than MDE?L MRP, an ATP dependent efflux transporter beloigs

ABC superfamily of proteins. MRP, a 190 KDa memlaergmotein specifically transport
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glutathione and glucuronide conjugated drugs. MRMilly consists of 9 members and
unlike p-gp and BCRP, MRPs are expressed in aipethimanner on either apical or
basolateral side of the membréhe

Breast cancer resistance protein: Breast Cancer Resistance Protein (BCRP)
was identified in a breast cancer derived cell timet showed drug resistance even in the
presence verapamil (a potent P-gp inhibffor)Although this protein is not over
expressed not only in breast cancer, but it is @erBCRP as it was first isolated from a
breast cancer cell line. The same efflux pump was alentified in a mitoxantrone-
resistant human colon carcinoma cell line S1-M1a880 hence this protein also received
the name MXR?. BCRP/MXR is the second member of the G subfamilyABC
transporters. Under the recommendation of HumaneGdomenclature Committee
BCRP has been renamed to ABCG2. It is also refetoeds ABCP (p stands for
placenta), to signify its high levels of expressiorthat tissue. BCRP, MXR and ABCP
are homologous proteins differing only in one orotamino acid sequence. BCRP
structurally diverges from the other prominent AB@nsporters. BCRP is a so called
half transporter having only six transmembranecdesliand only one nucleotide binding
domairf®. With the help of low resolution crystallography hias been shown that
functional BCRP has a homodimeric structireBCRP is a high efficiency efflux pump
and has broad substrate specificity. A significamtount of expression has also been
observed in normal human tissues. BCRP expressosignificantly expressed in

placenta, intestine and liver.
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MDR1 BCRP MRP2 CYP3A4
Carbamazepine Carbamazepine Carbamazepine Carbamazepine
Phenobarbhital Corticosteroids Clecoxib Corticosteroids
Phenytoin Rifampicin Phenobarbital Efavirenz
Quercetin Doxorubicin Fluoroquinolones Phenobarbital
Hyperforin Topotecan Aminoglycosides Phenytoin
Rifampicin Cisplatin Rifampicin Rifampicin
Dexamethasone Imatinib Doxorubicin Hyperforin
HIV protease Doxorubicin
inhibitors HIV protease
Clotrimazole inhibitors
Prazosin

Doxorubicin

Imatinib

Table 1. Substrates of efflux transporters and metaolizing enzymes

Drug Metabolism
Drug metabolism may have a profouncaffon the pharmacokinetics of the
drugs. Drug metabolism can be divided into two $ypPhasel metabolism which
involves the pharmacological activation or inadima of the drug by oxidation,
reduction, hydrolysis and cyclization reactions. hage I metabolism involves
conjugation of phasé products to highly polar endogenous substaficgigure-2.6).
CYPs are superfamily of enzymes found in the eraoplc reticulum responsible for

biotransformation of a wide range of xenobioticsytdchrome P450 enzymes are
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responsible for pharmacological activation and xiitation of anticancer drugs such as

doxorubicin, etoposide and ifosfamide

~
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Figure 2.6 Phasd and phasell metabolism

CYP3A enzymes are the most abundant cytochrome [Eépendent mixed function
oxidase enzymes involved in the metabolism of wideety of endogenous compounds
and diverse xenobiotits CYP3A4 is widely distributed in human tissue, lwibout
29% expressed in human liver. CYP3A4 and CYP3ADants for 30-40% of the total
CYP450 present in the liver and small intestineThere is a significant interindividual
variability in the expression and activity of CYP8Alue to environmental, genetic and
physiological factors. Also, the nuclear receptathgvays such as PXR and CAR

regulate the expression and functional activitCyP3AL".
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HIV Protease Inhibitors

AIDS (Acquired immune deficiency synome) is a serious pandemic disease of
the human immune system caused by human immungaefic virus (HIV). An
estimated 33.4 million people are living with HI\Y Ithe year 2009 and more than 25
million people have died of AIDS since 1981. HB/lentivirus is a member of retroviral
family that primarily infects helper T cells, mapimages and dendritic ceffs This
infection lowers the CDA cell count and thereby weakens the immune systening
to life threatening opportunistic infections. Sealeantiretroviral agents have been used
either as a single agent or in combination for tieatment of HIV infectior¥. HIV
infects T cells that carry CD4 antigen on theirface. After the fusion of virus to host
cellular membrane, the virus enters the cell andRNA gets reverse transcribed to DNA
by the enzyme reverse transcriptase. The Viral ONgn integrates itself into host cell
DNA by the enzyme integrase. HIV protease clealedranslated viral polyproteins into
individual mature proteins. The virions formed by tassembly of viral RNA and
proteins are then released to infect another heakl®. Treatment with HIV protease
inhibitors significantly lowered the plasma viraNR levels and the virus replication.
Studies have shown that metabolism of HIV proteakéitors is mediated by CYP3A
enzymes. Since HIV protease inhibitors are prowere substrates and inhibitors of
efflux proteins and metabolizing enzymes, drugalnise taken simultaneously can lead

to enhanced plasma concentrations resulting ircteftects. On contrary, chronic intake
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of drugs of abuse lead to HIV treatment failure dwe decline in their plasma

concentrations.
Patient diagnosed T _— ) .
With HIV infection an:i HIV drugs d ,W;he line : ;
viral load. Befire starting treatment, the viral
load is high and consists of both drug resistant
A and drug sensitive HIV virus
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Figure 2.7 HIV virus resistance

HIV protease inhibitors inhibit the cleavage of gag protein substrate leading to the
release of structurally defective and functionafigctive virus particles (Figure- 2.7).
They are also active against HIV-1 and HIV-2 visalains®. HIV protease inhibitors
have low oral bioavailability mainly due to limitexbsorption and first pass metabolism
by CYP3A4 metabolizing enzymes. The main aim ofrdpg is to maintain plasma
concentrations of these drugs above their minimtiecve dose so that they can target
the viral sanctuary sites and halt the replicati@everal factors influence the
bioavailability of these dru§& Membrane efflux proteins, influx transporters,
metabolizing enzymes and plasma proteins altembs®rption and disposition of these

drugs. Ketoconazole has been shown to increas@lle and G,.x of saquinavir by 3
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fold and bioavailability by 67% respectivély Drugs such as astemizole, terfenadine and
cisapride are contraindicated to be given concontitabecause of the toxic effects
associated with enhanced blood saquinavir cond@mngacaused by CYP inhibitiéh
On the other hand, rifampicin, a known CYP3A4 inelueduces plasma concentrations
of saquinavir by 80% and therefore it is contraiatied with saquinavit. A 70 fold
decrease in viral production in cells overexpregsgirgp and a 50 fold increase in cells
overexpressing MRP1 compared with control is obe#fy Nuclear receptors such as
PXR, RXR and CAR play an important role in the iatlon of efflux proteins and
metabolizing enzymés
Drugs of Abuse

When drugs are taken in an inconsigtegrtner for a non-therapeutic effect, it is
considered as drug abuse. Drug abuse has beerdtasribe primary preventable health
problem in United Stat8% Drug abuse is a chronic relapsing disorder adiogrfor
several deaths and cost up to $400 billion eveaf’{eintake of drugs of abuse changes
the mental or physical functioning of a person beadl to addictioff. Drug abuse lead to
two different conditions: tolerance and dependehte&ase of tolerance, a person takes
drugs in larger doses upon time to produce the sdfeet. Dependence refers to physical
or psychological dependence of a person to a spatifig. Whenever the intake of
abused drug is stopped, it leads to developmewitbtirawal symptoms such as tremors
and vomiting (physical dependence) and depressigychiological dependence).

Addictive drugs show short term symptoms such gshewua, drowsiness, increased
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motor and speech activity. Long term addiction leaghysical deterioration, psychiatric
problems, accidents and intellectual probl&msNarcotic analgesics, stimulants,
depressants, hallucinogens, cannabis and volailiersts are some of the frequently
abused drugs. According to National Institute ofu@rAbuse (NIDA), morphine is
classified under narcotic analgesics whereas mieois classified under stimulants.

Figure-2.8 shows the structure of morphine andtmeotwo of the widely abused drugs.

Morphine

Morphine, a narcotic drug is a phenanthrene allatmtained from opium
poppy. Morphine elicits its pharmacological actidms acting on opioid p-receptSr
Morphine is a scheduletl narcotic drug that possess an addiction forminijtyl.
Morphine can be injected, swallowed and smoked.g\ioie is also used for pain relief
used in different forms like tablets, capsules amdctions. Morphine is metabolized
primarily through glucuronidation pathway by corgtigg with uridine diphosphate
glucuronosyl transferase enzymes. Morphine is noditgdd to morphine-6-glucuronide,

which is a potent analge$fc

MNicotine
— i)
— )

g CH

Figure 2.8 Structure of nicotine and morphine
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Nicotine

According to national institute of drug abuse resleaeport, tobacco use Kkills at least
half a million Americans each ydar Nicotine is the main component present in tobacc
that is responsible for addiction. Nicotine produds effects by binding to acetylcholine
receptors. Stimulation of the acetylcholine receptiiggers the release of dopamine
responsible for the stimulant and dependence ptiepenf nicotiné®. When tobacco is
smoked, it enters the blood stream through thesuBgt, when it is chewed or sniffed, it
crosses the mucosal membranes and enters the bloain. Long term addiction of
nicotine leads to chronic lung disease, cardiovasdalisease, stroke and cancer. With the
enhanced knowledge at cellular and molecular lesesleral possible mechanisms of drug
dependence have been elucidated. Interaction séttirigs at the receptor level and the

intracellular pathways associated with these dhagsbeen studiéd

Importance of Drug-Drug Interactions
The primary goal of antiretroviral thpyas to maintain suppressive levels of HIV
protease inhibitors against the development of svinesistance. Drug levels are
continuously monitored throughout the dosing penb#ilV protease inhibitors to avoid
viral replication and emergence of mutant virugesanctuary sites. For example, use of
anti-tuberculosis drug rifampin decrease the secantentrations of nevirapiffeby 20-
55%. Serum concentrations of indinavir, lopinaundaatazanavir were decreased by

>90% when administered with ritonavir boosted dosgresence of rifampin. Therefore,
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dosage adjustments were recommended necessitagimgldse ritonavir boost as well as
other HIV protease inhibitof§ As a result, hepatotoxicity was observed in H&fignts
complicating the therapy. In view of these aboveations, close therapeutic monitoring
was recommended. Previous studies have shown tisnfs taking multiple drug
combinations have their 6 or Grough pPlasma concentrations below theirsd@uring
their dosing interval. Bioavailability of saquinawas significantly increased during the
coadministration of ritonavir. This is mainly due the limited absorption and higher
intestinal and hepatic metabolism mediated by CYRS#&yme&. Knockout mice
studies suggested that p-glycoprotein mediated»efflay a significant role on the oral
bioavailability of saquinavif. Due to the overlapping and broad substrate dpigibf
p-glycoprotein and CYP3A4, drug-drug interactionssalve both the enzyme and
transport systems. Both CYP3A4 and p-gp are preseimigher concentration in the
villus enterocytes of small intestine, the primaitg of absorption of orally administered
drugs. (Figure-2.9)
Models for Studying Induction

Enzyme induction refers to the up-ftagan in the rate of enzyme synthesis
from basal to a maximal level following the expasto the drug. Enzyme induction is
associated with the decrease in drug efficacy aradhier cases, if the enzyme metabolite

is toxic, enzyme induction results in cytotoxiéfty

27



Figure 2.9 Synergistic effects of p-glycoprotein ahCYP3A4

In vitro cell based models such as liver microsomes, pyithapatocytes, cryopreserved
hepatocytes, reporter cell lines, recombinant lagdls, immortalized cells, precision cut
liver slices have been developed to study humag dretabolism and induction of drug
metabolizing enzymes in the lifér Freshly isolated human hepatocytes are the pyimar
in vitro model cell based systems used for studying drutalmoésm. However, their
utilization has been limited in industrial settirdye to unavailability. For this reason,
cryopreserved human hepatocytes are most commaompjoged to study the enzyme
induction potential of new chemical entities. Howevhigher cost of these systems is the
main disadvantage. For these studies, hepatocyesudtured on multiwell plates and
incubated with the drug of choice for the 72 how&er the exposure, dose response
activity and mRNA induction will be measured by adpa CYP specific probe. Along

with these studies, immunoreactive protein and togiicity assays were also performed
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to assess the transcriptional effect of the drughoice on the hepatocytes. Subsequently,

in vivo metabolic clearance of the drug can be predictad thein vitro datd2

Nuclear Receptors
Most common mechanism of CYP induction is transoial gene activation.
Transcription factors such as PXR, CAR, RXR and Ah&diate the activation of drug
metabolizing enzymé&% In general, nuclear receptors are associated edgtheceptor
complexes resulting in basal transcriptional levéltien a ligand enters the cytoplasm, it
binds to the ligand binding domain of the nucleaceptor leading to conformational
changes. Released co-receptors dimerize with oflngdear receptor partners resulting in

chromatin  modeling and subsequent transcriptionattivatior?*(figure-2.10).

Xenobiotic
rf‘\/\
/\./‘\T)\/

B

Cell

Cytoplasm

¥ Endoplasmic
Reticulum

Metabalite

CYP3A4 mRMA

Figure 2.10 PXR mediated CYP3A4 metabolism
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The induction potential of drugs of abuse on HIdtpase inhibitors was investigated by
conductingin vitro experiments in LS180 cells, Caco-2 and HepG-Xcé&he results of
in vitro studies elucidate the mechanism of drug-drug acteons. Morphine and
morphine-6-glucuronide were proven to be substrideg-glycoprotein. There are no
reports on induction mechanism pathways of nicodiné morphine on the inhibition and
induction of MDR1 and CYP3A4. Nicotine is a substrior CYP2D6 and the effect on
cellular permeability of HIV protease inhibit8Ps

Regulation of Gene Expression
Efflux transporters mRNA can be induced by sevéaators such as heat shock, UV
radiation, and chemotherapeutic agents. Despitentnease in mRNA levels, there is no
increase in protein expression suggesting the latosal control of gene expressfén
Prolonged cellular exposure to cytotoxic agentsbeen reported to induce MDR1 gene
expression through gene amplification as well ageased mMRNA stability.Studies
investigating the relationship between mRNA, protkavels and functional activity of
efflux transporters indicated contrasting repoiftaipalensuu et al used digoxin as a
specific marker for MDR1 dependent drug efflux imaB-2 cells and indicated that
MDR1 mRNA transcript upregulation correlates withcrease in MDR1 protein

expression as well as functional actiffty
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In Vitro Cell Models

In vitro cell models have led the way to design more effitiexperiments to
screen and to study the mechanisms of new cherardities. Many pharmaceutical
companies employ immortalized cell lines to studynlan drug metabolism and active
transport of drugs. Thesa vitro cell lines have been able to predict efflux traowigr
and enzyme inhibition and induction to avoid patgntlinical drug-drug interactiofi$
However, low and variable expression of efflux sporters and metabolizing enzymes
pose an important challenge in the selection ofitro model. Caco-2 and HepG2 cell
lines have been employed to study intestinal dhspgption and hepatic drug absorption
respectivel§®. Caco-2 cells were shown to express efflux trartsp® such as p-gp,
MRP2 and BCRP. HepG2 cell lines express variower Ippecific metabolizing enzymes
and transporters and are the most studied humaatdmep cell lin&. Even though
HepG2 is well characterized, this cell line showsletectable and variable expression
and activity of CYP". Inducing agents such as 3-methylcholanthreneriéaupicin has
been used to express higher levels of &YPS-180, a microvillus expressing human
colon carcinoma cell line is an excellent model ek to study induction of CYP450
and efflux transportet& Gupta et al has shown that LS-180 cell has Istenwn to
enhance PXR mediated CYP3A4 expression when comparélepG2(figure-2.11).
Cell culture models of respiratory epithelium exaenthe mechanisms of drug delivery

across alveolar and bronchial epithelium. CaluiBlicee, derived from human bronchial
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epithelial cell line has been extensively studieddrug delivery due to its ability to form

tight monolayers.
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Figure 2.11 Induction of CYP450 metabolizing enzyneemRNA expression in LS180
cells

Calu-3 cells express p-glycoprotein and other bwizing enzymes such as CYP1Al
and CYP2B6. Other respiratory cell lines such ag®mn alveolar epithelial cell line

lack the ability to generate high TEER in culflire
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CHAPTER-3

TO INVESTIGATE THE CHRONIC EFFECT OF NICOTINE AND ®IRPHINE ON
EXPRESSION AND FUNCTIONAL ACTIVITY OF EFFLUX TRANSBRTERS AND
METABOLIZING ENZYMES AND TO STUDY THEIR CONTRIBUTION TO THE
INTRACELLULAR ACCUMULATION OF HIV PROTEASE INHIBITORS

Rationale

Development of multidrug resistamc@ major obstacle to the treatment of life
threatening diseases such as AIDS and cancer. i@pertant mechanism of multidrug
resistance involves the upregulation of multidragistance transporter, p-gp, that efflux
the therapeutic drugs and decline their intracatlidccumulation. Cigarette smoking
alters the therapeutic response of respiratory grtlgough several mechanisms.
Induction of metabolic enzymes and efflux transprtis one of the mechanisms
associated with poor response to chemotherapy. Bgdias been shown to induce
CYP3A4 in in vitro studies. Hamilton et al repattéhat erlotinib, a drug primarily
metabolized by CYP3A4 has a 2.8 fold lower systemxposure in smokers than
nonsmokers. Opiates are hallucinogens that areedblng many adults and teenagers
around the world. Morphine is one of the most pbédkaloids of opium and is one of the
main reasons for the extremely addictive naturemates. Morphine is used to treat
moderate to severe pain and is a substrate ofqmgigtein. Chronic exposure has been
shown to enhance p-glycoprotein expression in rainb This upregulation of p-gp

enhanced morphine efflux from the rat brain. Braigp expression increased by 2 fold
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in morphine treated rats when compared to salie&ted rats. HIV protease inhibitors
are generally administered for prolonged time miitw eliminate the viral sanctuaries in
brain, lungs and lymph glands. Since nicotine mriphine has been abused for longer
time periods, there is a need to evaluate the teng effect of nicotine and morphine on

the induction of the efflux transporters and CYP3Adteins and functional activity.

Introduction

Drug-drug interactions involving effl transporters and drug metabolizing
enzymes are divided in two main categories: intwbitesulting in enhanced toxicity and
induction resulting in loss of efficacy. P-glycopeim, product of human MDR1 gene,
transports numerous neutral and cationic compoandseffluxes them out of the cell
using ATP“. P-glycoprotein is expressed in normal tissues siscgastrointestinal track,
liver, kidney, testis and brain, where it prevetite accumulation of toxic substances
(Figure-3.1). P-gp is overexpressed in cancer egits confers resistance to a variety of
compounds such as vinca alkaloids, anthracyclic@shicines and paclitaxél CYP3A4
is involved in the metabolism of diverse chemotpetdic compounds and accounts for
approximately 30% of hepatic CYP and more than td%testinal activity. CYP3A4 is
the main contributor to presystemic eliminationldeling oral administration. Previous
in vitro studies suggests that 40-50% of the drugs adraimei$tin humans are

metabolized by CYP3AA4.
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Both p-gp and CYP3A4 act synergisticatl increase presystemic metabolism.
P-glycoprotein mediated efflux increases the imeastresidence time and efflux of the
metabolites of the drug results in more extensiwtatmolism by CYP3A4. In addition,
overlapping specificity of the two proteins, similees in gene regulation and tissue
distribution of p-gp and CYP3A4 and the close spaproximity of CYP3A4 to the
apical membrane where p-gp is expressed suppatsytiergistic relationship between
CYP3A4 and p-glycoprotelih CYP3A4 mediated metabolism and p-gp mediatedneffl
are the two main barriers to drug absorption ag¢stme. Due to the overlapping and
broad substrate specificity of p-glycoprotein andR3A4, drug-drug interactions involve
both the enzyme and transport systems. Both CYP&#dl p-gp are present at higher
concentration in the villus enterocytes of smakkgtine, the primary site of absorption of
orally administered drud$

Many clinically significant drug-dyunteractions have been reported involving
their role. Inhibition of p-gp and CYP3A4 can causeelevation in plasmal/tissue drug
concentrations can lead to toxicity, especially dongs possessing narrow therapeutic
index. Induction of p-gp and CYP3A4 can lead totBalkapeutic concentrations of the
affected drug leading to therapeutic faifffreMany drugs such as Rifampicin,
phenobarbital, carbamazepine are known to causactioth of CYP450 isoforms
resulting in decrease of systemic exposure of caadtared drugs metabolized by
CYP450. Herbal agents such as St. John’s wort eshhepatic and intestinal CYP3A4

activity through the activation of pregnane-x-recepl®. PXR is a member of nuclear
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receptor superfamily of ligand regulated transaviptfactors. PXR is a key xenobiotic
receptor that regulates the expression of genesdery drug metabolizing enzymes and
transporters. Studies have demonstrated that PXRidsly expressed in cancerous
tissues as well as normal tissues such as liver sdll intestine. PXR mediated
induction of efflux transporters leading to decesasthe intracellular accumulation of p-
gp substratés’. Enhanced p-gp expression has been associatedpwith treatment

response in various malignanci®s
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Figure 3.1 Efflux transporters localization acrossvarious tissues
Morphine is the opioid of choice for the treatmehimoderate to severe pain, and is a
substrate of p-glycoprotein. Morphine is one of tiast potent alkaloids of opium and is

one of the main reasons for the extremely addictigsture of opiates. After heroin,
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morphine has the greatest dependence liabilith@fmiarcotic analgesics in common use
and for heroin to be effective, it must be conwitethe body to morphin&. Previous
studies have demonstrated that brain p-gp levele mereased significantly in morphine
tolerant rats. However, short term exposure of o did not result in any significant
differences in p-gp expression and actitityNicotine is a major constituent of tobacco
and it has been recently demonstrated that nicatiaa activator of PXR which regulates
the gene expression of both p-gp and CYP$A4

HIV protease inhibitors are known to @dew oral bioavailability predominantly
due to extensive hepatic metabolism as well asstin@ metabolism. Clinically
important drug interaction has been proved betwékhprotease inhibitors and herbal
drugs such as St. John’s wort and grape fruit flic&tudy of mechanism of drug-drug
interactions between morphine and nicotine and Idigtease inhibitors can improve
therapeutic strategies and individualization ofréipg in drugs abusing HIV population.
Studies usingn vitro model cell lines are useful in identifying potehtinteractions and
possibly permitting extrapolation oh vitro findings toin vivo scenarios. Opioid drugs
are generally converted to morphine. Morphine isicmnly used to study the effects in
vitro and in vivo. Several drugs of abuse like niong, nicotine, cocaine, alcohol are
now identified as critical factors affecting drugsmbsition and drug interactions.
Cigarette smoking is the greatest risk factor fangl cancer and cigarette smoking
exposes the airways to at least 4000 chentffalBobacco smoke may cause significant

pharmacokinetic or pharmacodynamic interactions gud@sma concentration—time
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profiles®®, According to American cancer society, cigarett®king accounts for at least
30% of all cancer deaths. Nicotine is a poisondkesl@d found in substantial amounts in
all forms of tobacco and is one of the heavily uaddictive drug in U%®. Nicotine is a
weak base with a pKa of 8.0 with most of its ab8orpoccurring in unionized state.
After absorption, Nicotine distributes rapidly thighout various tissues, including brain,
liver, kidney and intestine. About 1-2 mg of niciis absorbed systemically during
smoking™®.

In view of this, there is a need tadst the long term effects of these drugs.
Furthermore, their role in the induction of oth#ftux transporters such as BCRP has to
be elucidated. Our current study explores the kemngn effects of morphine and nicotine
by utilizing model cell lines LS180. Selective imdion of in vitro CYP3A4 and p-gp
expression by morphine and nicotine was observedL$180 cells. Our results
demonstrate that morphine and nicotine differelytiéhn induce p-gp and CYP3A4. The

results can offer mechanistic explanation in chzencotine and morphine users.

Materials and Methods
Cell Culture and Treatment Conditions
LS180 cells (human colon adenocartia cell line) and Caco-2 cells (human
colonic carcinoma cell line), HepG-2 were used fbe studies. Cell lines were
maintained according to previously published prot®érom our lab. Cells were cultured

in Dubelcco’s Modified Eagle Medium supplementedhwi0% heat inactivated fetal
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bovine serum, MEM nc-essential amino acids, HEPES, sodium bicarbonatacitin
(100 pg/ml) and streptomycin (100 pg/ml). For tiheatment, confluent cells we
exposed to nicotine (2.5M, 10 uM), morphine (3 uM and 10M) and rifampicin (5
nM) for 72 hours. Fresh medium containing the abowntioned concentrations

nicotine, morphine and rifampicin were added to ¢héure medium every day for tl
length of the treatment time. Final concentratidnDdISO did not exceed 0.5% fi
rifampicin treated cellsCells were treated with selected concentrationsi@dtine anc

morphine and experiments were designed as shofiguire-3.2.

Cells were treated with Nicotine (2.5 UM and 10 UM),
Morphine (3 UM and 10 JM) and Rifampicin (25 UM)

A Jk k
A’So,

Expression Func’rlonal activity
RT-PCR Western blotting Uptake studies
Lopinavir =MDR1
mRNA T Protein T Erythromycin- MRP2 l
Abacavir-BCRP

Figure 3.2 Experimental design to study the expression and fumtional activity of
efflux transporters
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Real Time PCR Studies

RNA was extracted from the control and nicotineatied lung tissues using
Trizol reagent (Invitrogen). All samples were nohlimed to 1 pg of total RNA. 1 pg of
total RNA was mixed with 1.25 pl oligo dT primer @°c for 10 minutes and then
reverse transcribed to cDNA using MMLV-reverse s@iptase enzyme. Real time PCR
was according to a standard protocol published bghR. Real time PCR primers were
designed using oligo perfect designer. All the pmsnwere designed such that the
amplicons generated were between 100-200 bp longhdeease the efficiency of
simultaneous amplification of target and referegeeres. Briefly, the PCR mixture has a
volume of 20 ul. SYBR green kit from Roche has 2Xaentration of PCR master mix
and PCR grade water. To this master mix, 250 n\ e&aéorward and reverse primers of
gene of interest were added. 5 pg/ul cDNA samme added to this master mix to
prepare 20 ul of PCR sample. The samples wereddwefully centrifuged at 3000 g for
2 minutes. Samples were analyzed and fluoresceaseuantified.

Table-2 RT-PCR primers for MDR1 and CYP3A4

Product

Gene Oligonucleotide sequenceé-85) Location Size

(bps)

MDR1 Forward CAGAGGGGATGGTCAGTGTT 1758 109
Reverse CGTGGTGGCAAACAATACAG 1867

CYP3A4 Forward ACCGTGACCCAAAGTACTGG 1309 118
Reverse GTTTCTGGGTCCACTTCCAA 1427

GAPDH Forward CAATGACCCCTTCATTGACC 201 105
Reverse GACAAGCTTCCCGTTCTCAG 306
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Western Blot

Whole cell protein was extracted wigagent containing 3.2 mM Na2HPO4, 0.5
mM KH2PO4, 1.3 mM KCI, 135 mM NaCl, 1% Triton X 0Q and protease inhibitor
cocktail at pH 7.4. Confluent cells were washedcthwith PBS and harvested using a
cell scraper in 5 mL of PBS. The cell suspensios wantrifuged at 1500 rpm for 10
minutes and the pellet was resuspended in fresklyaoed lysis buffer for 15 minutes on
ice. The extracted protein was then obtained bytrifegation and stored at -3D.
Protein content was determined using Bradford nteth&olyacrylamide gel
electrophoresis (PAGE) was run with 25 and 50 pgawh protein at 120 V, 250 mAmp.
Transfer was carried out on polyvinylidene fluor{@/DF) membrane at 25V for 1 h 30
min, on ice. Immediately after transfer, the bloasablocked for 3 hours in freshly
prepared blocking buffer (2.5 % non-fat dry milkda@.25 % bovine serum albumin
prepared in TBST pH-8). After a light wash for Hx sthe blots were exposed to primary
antibodies overnight (dilution - 1:500 for p-glycopein and CYP3A4). Blots were then
exposed for 2 hours to secondary antibodies oltdmoen Santa Cruz biotechnology (1:
5000). The blots were finally washed three timeshwiBST and developed using
SuperSignal West Pico chemiluminescence subsirateblots were exposed for 30 sec

after which the image was taken in Gel Doc Imager.
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Uptake Studies

After treatment with morphine and nicotine, cellsrevrinsed three times with
DPBS (pH 7.4, 129 mM NacCl, 2.5mM KCI, 7.4mM M#Q, 1.3 mM KHPO,, 1 mM
CaCh, 0.7 mM MgSQ and 5.3 mM glucose) and equilibrated for 15 miautéth the
buffer. PH]lopinavir (0.5 pCi/ml), fH]abacavir (0.5 pCi/ml) and“{Clerythromycin (0.1
HCi/ml) were used as model substrates for MDR1, BGRd MRP2 to determine the
cellular accumulation. Uptake studies were perfatrog incubating the cells with fixed
amount of 0.5 pCi/ml of the radioactive substrate30 minutes. Following incubation,
the reaction was stopped by addition of ice coftzp stolution (210 mM KCI, 2 mM
HEPES; pH 7.4). After three washings with stop 8ofy cells were lysed by keeping
them overnight in 1 ml of 0.1% Triton-X solution 3% NaOH. Following overnight
incubation, 500 ul of the cell lysate from eachlweds transferred to scintillation vials
containing 5 ml of scintillation cocktail (Fisheci8ntific, Fair lawn, NJ). Samples were
analyzed by liquid scintillation counter (Beckmastruments Inc., CA, USA) and uptake
was normalized to the protein content in each whathount of protein in the cell lysate
was measured by the Bio-Rad protein estimationwkih bovine serum albumin as

standard.

VIVID Assay

Functional activity of metabolizing zygme (CYP3A4) in HepG2 cells was
assayed using VIVID™ CYP3A4 Red Substrate (Invitnmg which was prepared as a

20mM stock solution in acetonitrile. Briefly, Hep&2lls were plated in 96 wells and
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treated as described earlier. After 5 days of tneat, the cells were lysed and CYP3A4
activity assay was assayed according to the matuéats protocol. The rate of
fluorescent metabolite production from the metabuoliof a Vivid® CYP450 substrate
was monitored kinetically at 37°C over a period3® minutes using a 96 well plate
reader (SpectraFluor Plus, Maennedorf, Switzerladn excitation wavelength of 530
nm and an emission wavelength of 585 nm. The rgadwere normalized to protein

count as mentioned earlier.
Calcein-AM Assay

Culture medium was first removed from the 96 wdHtgs and washed with
DPBS buffer at pH-7.4. Cells were treated with namg, nicotine and rifampicin for 7
days. Following treatment, intracellular accumuwlatof calcein-AM was determined for
the remaining studies. Cells were incubated withying calcein-AM 1 uM for 15
minutes. After 15 min incubation, reaction wasared with stop solution (210 mM KCI
and 2 mM HEPES; pH 7.4) and lysed with 1 ml ofsylsuffer (0.1% Triton-X solution in
0.3% NaOH). Amount of intracellular calcein was swa&d with a fluorescence
spectrophotometer. Excitation and emission fill@ese set at 370 and 450nm and the

intracellular mean fluorescence was normalizedrodgin content.

Cytotoxicity Studies
LS180 cells and Caco-2 cells were exgdeenicotine, morphine for seven days.

Following the treatment, cells were incubated WAfAT [3-(4,5-dimethylthiazol-2-yl)-

43



2,5-diphenyl tetrazolium bromide] reagent accordittg the previously published

protocol.

Data Analysis
Data for the uptake studies was analyagdstudent’'s t-test. The criteria of
significance between the means (+ standard dewiatieere p < 0.05. Each experiment

was performed in triplicate.

Results and Discussion

Expression of efflux transporters argtatbolizing enzymes play a significant role
in modulation of chemotherapeutic drugs acrossouaricellular barriers. Inhibition and
induction of these transporters have been repadelde one of the major cause of
variability in intracellular drug accumulation. Aadtered expression of p-glycoprotein
and CYP3A4 can have important clinical outcotednhibition can result in enhanced
plasma concentrations leading to toxicity wherealsiction can result in reduced plasma
concentrations leading to therapeutic failife While most of the studies have
investigated then vitro p-glycoprotein and CYP3A4 inhibition studies, fewstudies
have focused on their induction mechanisms. Ingtudy, the effect of chronic exposure
of morphine and nicotine on the expression andig¢cf p-glycoprotein, MRP2, BCRP
and CYP3A4in vitro was investigated. LS180, a human colon adenocar@ancell line

was employed as a model cell line forvitro studies. Previously, it was shown that
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prolonged exposure to morphine can enhance theegsipn of p-glycoprotein in rat
brain. Induction of p-glycoprotein led to reducedc@mulation of morphine to rat
brain*®. However, the ability of morphine to induce MRPAdaBCRP was not
investigated. Nicotine’s effects on p-gp and CYP3#&#4 also of clinical importance
because it is a known activator of PXR. Eventhountotine has been shown to induce
CYP2D6, its effects on CYP3A4 and other efflux sporters MRP2, BCRP were never

studied.

Quantification of MDR1 mRNA Expression in LS180 Cels
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Figure 3.3 Quantification of MDR1 mRNA in LS180 cels (+ indicates 2.5 uM and

++ 10 pM for nicotine; + indicates 3 M and++ 10 uM for morphine; + indicates
25 uM for rifampicin)  (* indicates significant difference compared to antrol;
p<0.05,n =3 + S.D)
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Expression of MDR1 was detected after treating 10584:8d Caco-2 cells for 72 hours and
10 days respectively. For functional uptake stydi€d80 and Caco-2 cells were treated
for 7 and 15 days respectively. Following treatm&NA was extracted and subjected to
reverse transcriptase and gene expression waszadaby real time PCR. Differential
induction in MDR1 mRNA levels was observed follogirchronic morphine and

nicotine.

Induction of MDR1 mRNA in Caco-2 Cells
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Figure 3.4 Quantification of MDR1 mRNA in Caco-2 ells (+ indicates 2.5 uM and

++ 10 uM for nicotine; + indicates 3 pM and++ 10 uM for morphine; + indicates
25 uM for rifampicin)  (* indicates significant difference compared to antrol;
p<0.05,n =3+ S.D)
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Chronic treatment with nicotine for 72 hours did atter MDR1 mRNA levels
compared to control. Morphine (3 uM and 10 uM) emtedl MDR1 mRNA by 1.8 and
3.2 fold respectively whereas rifampicin (25 pMpasitive inducer enhanced the MDR1
MRNA by 20.4 fold. GAPDH was used as a house keepene. Figure-3.3 shows the
guantification of MDR1 mRNA following treatmentSince Caco-2 cells were treated for
10 days for gene expression studies, RT-PCR was sformed in Caco-2 cells to
quantify MDR1 mRNA levels. Following treatment, rmpbime (3 uM) enhanced MDR1
MRNA levels by 5.12 fold and nicotine (2.5 uM) ieased MDR1 mRNA levels

significantly by 3.95 fold respectively (figure-3.4

Western Blot Analysis of P-gp in Caco-2 Cells
Western blot analysis indicated significant p4{gmtein induction following
treatment with morphine and nicotine. Morphine amzbtine successfully induced p-gp

protein levels in Caco-2 cells (figure-3.5).

Figure 3.5 Immunoblot for the expression of CYP3A in Caco-2 cells. Total protein

lysates probed for the efflux transporter P-gp. Grevth medium (control: lane 1) or 3

KM morphine (lane 2), 2.5 uM nicotine (lane 3). Edtlane contains 20 ug of protein
lysate.
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Uptake Study to Determine P-gp Functional Activity

To determine the functional activity of the effltmansporters, uptake studies
were performed to measure the intracellular accatimnl. LS180 and Caco-2 cells were
exposed to morphine and nicotine for seven daysl&ndays respectively for uptake
studies. Following treatment, cells were incubateth radioactive labeled substrates

[*H] lopinavir, PH] digoxin for 30 minutes.
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Figure 3.6 Uptake of radioactive substrates in LS30 cells Intracellular
accumulation of PH] lopinavir, [ **C] erythromycin and [*H] abacavir was measured
by incubating the LS180 cells for 30 min in the afence (control) or presence of
morphine(3 uM) and nicotine (2.5 uM). Values are mans of quadruplicates with
standard deviation indicated by error bars. Asterik (*) indicates a significant P<
0.05) difference from the mean control value usin§tudent’s one-tailedt-test.
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After 30 minutes, intracellular accumulation of i@attive substrates was decreased
significantly when compared to control. Short temcubation of these radioactive
substrates (lopinavir, erythromycin and abacaviithwnorphine and nicotine had no
effect on their accumulation of radioactive sulissain LS180 cells (figure-3.6). This
data indicated that the reduction in intracellld@cumulation was due to the altered

induction of efflux transporters rather than inhidm.

Digoxin and Lopinavir Uptake in LS180 Cells
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Figure 3.7 Digoxin uptake in LS180 cells Intracelliar accumulation of [*H] digoxin
was measured by incubating LS180 cells for 30 minithout treatment (control) or
treatment with morphine (3 uM) and nicotine (2.5 uM for seven days. t indicates
2.5 uM and++ 10 uM for nicotine; + indicates 3 uM and++ 10 uM for morphine)
Values are means of triplets with standard deviatio indicated by error bars.
Asterisk (*) indicates a significant P< 0.05) difference from the mean control value
using Student’s one-tailed-test.
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Figure 3.8 Lopinavir uptake following nicotine treatmentin LS180 cell:
Intracellular accumulation of [H] lopinavir was measured by incubating LS18(
cells for 30 min without treatment (control) or treatment with nicotine (2.5 pM) and
nicotine (10 uM) for seven daysValues are means of triplets with standarc
deviation indicated by error bars. Asterisk (*) indicates a significant P< 0.05)
difference from the mean control value using Studeis one-tailed t-test.
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Figure 3.9 Lopinavir uptake following morphine treatmentin LS180 cell:
Intracellular accumulation of [°H] lopinavir was measured by incubating LS18(
cells for 30 min without treatment (control) or treatment with morphine (3 uM) and
morphine (10 uM) for seven days.
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As shown in figure (3.7, 3.8, 3.9), morphine redutlee intracellular accumulation of
[*H]lopinavir and fH]Digoxin significantly suggesting the induction pfgp functional
activity. However, nicotine had no significant effen intracellular accumulation of p-gp

substrates when compared to control.

Uptake Studies in Caco-2 Cells

In another set of studies, Cacos @xposed to morphine and nicotine also
showed a significant reduction in intracellular @oelation of fH] lopinavir and fH]
saquinavir (figure-3.10 and 3.11). A known potentlucer of efflux transporters,

rifampicin 25 pM was used as a positive controktody its effects on the uptake of

radioactive substrates.
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Figure 3.10 Lopinavir uptake following morphine and nicotine treatment in Caco-2
cells Intracellular accumulation of [°H] lopinavir was measured by incubating
LS180 cells for 30 min without treatment (control)or treatment with nicotine (2.5
p1M) and morphine (3 uM) for 15 days. Values are maws of triplets with standard
deviation indicated by error bars. Asterisk (*) indicates a significant P< 0.05)
difference from the mean control value using Studeis one-tailedt-test.
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Figure 3.11 Saquinavir uptake following morphine ad nicotine treatment in Caco-
2 cells Intracellular accumulation of PH] saquinavir was measured by incubating
LS180 cells for 30 min without treatment (control)or treatment with morphine (3

pHM) and nicotine (2.5 uM) and for 15 days.

These results confirmed that the observed dechirtee uptake of radioactive substrates
following chronic morphine and nicotine treatmerdsadue to the altered expression of
p-glycoprotein. Since Caco-2 cells were exposedotwer time than LS180 cells,
expression and functional activity mediated by MDR4s much higher than in Caco-2
cells when compared to LS180 cells.
Calcein-AM Assay in LS180 Cells

To determine the functional sigrafice of this increase in P-gp expression, the
cellular uptake of P-gp substrate calcein-AM wasleated at the selected concentration
ranges. A significant decrease in calcein accunuuaty LS180 cells was observed in
the cells exposed to morphine and nicotine configrthe reduced functional activity of

P-gp. Figure 3.12 demonstrated the decrease in egpity following LS180 cells
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treatment with morphine and nicotine. This dateardie established that exposure to

morphine and nicotine contributes to increasedieféctivity.
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Figure 3.12: Calcein-AM assay study in LS180 cellstracellular accumulation of
calcein was measured by incubating LS180 cells \Witalcein-AM for 60 min
without treatment (control) or treatment with morphine (1 uM, 3 uM and 10 pM)
and nicotine (1 pM, 2.5 uM and 10 pM) for seven de. Values are means of 6

samples with standard deviation indicated by errombars.
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CYP3A4 Expression and Functional Activity

We also evaluated the effect of morphine ammbtine on CYP3A4 mRNA
expression in LS180 cells. Morphine and nicotind ha significant effect on CYP3A4
MRNA levels in LS180 cells when compared to conffigure-3.13). This may be due to
lower basal CYP3A4 levels in LS180 cells. Also, M@ur treatment duration with

morphine and nicotine was not significant enouglintiuce CYP3A4 mRNA levels in

LS180 cells.
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Figure 3.13 Quantification of CYP3A4 mRNA in LS1® cells (+ indicates 2.5 uM
and ++10uM for nicotine; + indicates 3 uM and ++10 uM for morphine; +
indicates 25 uM for rifampicin) (* indicates significant difference compared to
control; (** indicates significant difference compaed to control; ** p<0.01,
n=3xS.D)
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CYP3A4 Induction Studies
Morphine and nicotine significantly emiced CYP3A4 protein expression when
compared to control (figure-3.14). Morphine andotiize displayed a higher increase in

CYP3A4 protein levels than CYP3A4 mRNA transcripidls.

Nicotine - + ++ — -
Morphine — — — + ++

-
-.-—--‘~~.—

Figure 3.14 Quantification of CYP3A4 protein in LSL80 cells. Total protein lysates

probed for CYP3A4 Growth medium (control: lane 1),2.5 uM nicotine, N1 (lane 2)

10 pM nicotine, N2 (lane 3) 3 uM morphine, M1 (lané), 10 uM morphine, M2 (lane
3). Each lane contains 20 ug of protein lysate.

Vivid CYP3A4 Assay in HepG2 Cells

After studying the gene expressiofMP3A4 enzyme activity was measured by
performing VIVID CYP3A4 assay kit containing blutidrescent substrate following
treatment of HepG2 cells with morphine and nicatik®llowing these treatments,
CYP3A4 activity was measured as the rate of flumres metabolite production over the
course of reaction with VIVID assay. Induction wadculated as the activity observed

after treatment with inducer relative to treatmeiih 0.1 % DMSO (control).
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Figure 3.15 Vivid CYP3A4 assay in HepG2 cells Em@mced activity of CYP3A4
HepG2 in the presence of morphine and nicotine. H&pR2 cells were treated with
morphine (3 pM), nicotine (2.5pM) and rifampicin (50 pM).

Asterisk * indicates significant difference relative to control; p<0.05,n =8 + S.D.

Figure 3.15 clearly demonstrates the higher CYP3éuvity in HepG2 cells exposed to
morphine and nicotine. Nicotine produced almoseg¢hfold higher CYP3A4 activity
when compared to control. This study confirmedadbéity of morphine and nicotine to
induce CYP3A4 protein levels.
Cell Viability Studies

Cell viability studies were performéa determine the cytotoxic potential of
morphine and nicotine in LS180 and Caco-2 celldlsGeere treated with morphine (3

KM, 10 pM), nicotine (2.5 pM, 10 uM), DMSO (0.1%fampicin (25 uM). LS180 cells
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exposed to morphine and nicotine for 7 days didsiamw any significant cytotoxicity

(figure-3.16 A).
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Figure 3.16 Cell viability studies A) Viability o LS180 cells following
treatment with morphine (3, 10 uM), nicotine (2.5,10 uM) and rifampicin (25 pM).

In a different study, treatment of Caco-2 cellshwitorphine (3 uM), and nicotine (2.5
pnM), did not produce any significant toxicity (fige+3.16 B). However, rifampicin (25

p1M) reduced the cell viability by 84% following &renent.
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Figure 3.16 Cell viability studies B) Viability d Caco-2 cells following treatment
with morphine (3 pM), nicotine (2.5 uM) and rifampicin (25 uM). (* indicates
significant difference relative to control; p<0.05,n = 8 £ S.D)

Induction of MRP2 Expression in LS180 Cells
To determine the expression of MRP2 mRNA followtngatment, RT-PCR was
performed to quantify mRNA levels. Morphine (3 pMdal0 pM) increased MRP2

MRNA by 1.5 and 3.35 fold respectively (figure 3.17
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Figure 3.17 Quantification of MRP2 mRNA in LS18Ccells(+ indicates 2.5 uM and
++ indicates 10 pM for nicotine; + indicate 3 uM and++ indicates 10 uM for

morphine; + indicates 25 uM for rifampicin) (* indicates significant difference
compared to control; p<0.05, (** indicates significant difference compare to
control p<0.01,n =3 £ S.D)
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Figure 3.18: Quantification of [-“C] Erythromycin accumulation following nicotine
and morphine treatment in LS180 cellsA) Intracellular accumulation of [*'C]
Erythromycin was measured by incubating LS180 cellfor 30 min without

treatment (control) or treatment with nicotine (2.5uM and 10 uM) for seven days.

B) treatment with morphine (3 uM and 10 uM) for seen days. Values are means of
triplets with standard deviation indicated by error bars. Asterisk (*) indicates a
significant (P< 0.05) difference from the mean control value usm Student’s one-

tailed t-test.

Radioactive erythromycin was used as positive cbmdrquantify MRP2 mediated efflux
in LS180 cells. Exposure to morphine and nicotme72 hours reduced the intracellular
accumulation of radioactive erythromycin when coregao control (figure-3.18 A, B).
ABCG2 mRNA Induction Studies in LS180 Cells

ABCG2 MRNA levels enhanced by 4 and 3.43 fold bptme (2.5 uM and 10

KUM) respectively whereas morphine (3 uM and 10 jridjeased ABCG2 mRNA levels
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by 4.33 and 4.88 fold respectively (figure-3.19nterestingly,nicotine showed much

higher induction of ABCG2 mRNA than MDR1 and MRB&gession in LS180 cells.
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Figure 3.19 Quantification of ABCG2 mRNA in LS180cells(+ indicates 2.5 pM
and ++ indicates 10 uM for nicotine; + indicate 3 uM and++ indicates 10 uM for

morphine; + indicates 25 uM for rifampicin) (* indicates significant difference
compared to control; p<0.05, (** indicates significant difference compare to
control; p<0.01,n =3 +S.D)

BCRP Protein Induction in LS180 Cells

We investigated whether ABCG2 mRNA activation was$lated into protein
induction in this study. Western blot analysis sedwhat compared to control, there was
an increase in BCRP protein expression followingasxire to morphine (3 pM), nicotine

(2.5 uM) and rifampicin (25 uM) (figure-3.20).
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Figure 3.20 Immunoblot for the expression of BCRn LS180 cells. Total protein
lysates probed for the efflux transporter BCRP. Gravth medium (control: lane 1), 3
KM morphine (lane 2), 2.5 uM nicotine (lane 3) an@5 uM Rifampicin. Each lane
contains 20 pg of protein lysate.

Abacavir Uptake in LS180 cells Following Treatment

We investigated whether augmented BCRP efflux fonctwas observed in
LS180 cells exposed to nicotine and morphine. Uptak ’H] abacavir was reduced
significantly in LS180 cells exposed to nicotinalanorphine when compared to control
(figure-3.21 A, B).
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Figure 3.21: Quantification of [°H] abacavir accumulation following nicotine
and morphine treatment in LS180 cellsA) Intracellular accumulation of
[*H] abacavir was measured by incubating LS180 celfer 30 min without
treatment (control) or treatment with nicotine (2.5uM and 10 pM) for seven
days. B) treatment with morphine (3 uM and 10 uM) ér seven days. Values
are means of triplets with standard deviation indiated by error bars.
Asterisk (*) indicates a significant P< 0.05) difference from the mean control
value using Student’s one-tailed-test.
Transport Studies
Apical to basolateral transport studies were pearéat after treating LS180 cells with
morphine and nicotine (10 pM)*H] lopinavir and fH] abacavir transport were used as
model substrates. Results from transport studiee alipport the data from uptake
studies. Transport of abacavir reduced signifigantthen compared to lopinavir

following chronic exposure to morphine and nicotffigure 3.22 and figure 3.23)
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Figure 3.22: A-B transport of [*H] lopinavir following nicotine and morphine
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Figure 3.23: A-B transport of [°H] abacavir following nicotine and morphine

treatment in LS180 cells.
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Potential Model to Sudy Induction Based Drug-Drug Interactions

LS180 cellare an intestinal colon carcinoma cells that expobsracteristics «
small intestine. Therefore, thicell line was selected to study induction of eff
transporters and metabolizing enzymes. Althougt,80Scells constitutively expres:-
gp, PXR and CYP3A4but in our studies morphine and nicotine had mmicant
induction on CYP3A4 mRNA levelRecentstudies reported that LS180 ¢ exposed to
vinblastine (100 nMYisplayed enhanced MDR1 and CYP3A4 expression ahdity.
Therefore, we treated LS180 cells with vinblastared performed real time PCR
quantify MDR1 and CYP3A4 mRNA expression. Otudies demonstrated that nicoti
and lopinavir enhanced MDR1 and CYP3A4 mRNA lewgl®en compared to contr
(figure-3.22). This vinblastine selected LS180 cells canabgotential model to stuc

MDR1 and CYP3A4 induction mechanisir
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Figure 3.24 Quantification of MDR1 and CYP3A4 mRNA in LS180 cells (N2

indicates 10 uM for nicotine, 10 uM for lopinavir) (* indicates significant
difference compared to control;p<0.05,n = 3 £S.D)
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Conclusions

In summary, our results confirmed thatodic morphine and nicotine exposure of
LS180 cells can differentially induce the expressamd activity of P-gp, MRP2, BCRP
and CYP3A4. Even though, the induction of exp@ssand functional activity by
morphine and nicotine was not high enough to predtids interaction inin vitro
scenarios, the possibility of these drug-drug extgon could occur as it should be noted
that these drugs are abused for years and theelitriar concentrations of HIV protease
inhibitors can be declined drastically leading heraipeutic failure. These observations
illustrate thein vitro mechanistic effect of drug-drug interactions betwenorphine and
nicotine and HIV protease inhibitors. Clinical diees often fail to assess the mechanisms
behind the therapeutic failure of HIV patients. 3testudies may explain the variable
complex and plasma concentrations and treatmerbos of HIV infected patients as
well as HIV infected patients addicted to drugsabtise. Morphine and nicotine effects
on MRP2 and BCRP expression and functional actaigyalso of clinical significance as
there is limited information available on their a@rdactions. Previous studies have
provided evidence that HIV protease inhibitors aubstrates for p—glycoprotein and
CYP3A4 and thereby co-administered drugs that abstsates, inhibitors and inducers
modulate the expression of p-gp and CY3A4 resultingthe alteration of their
intracellular accumulation. This reduced accumatlatmay potentially promote the

emergence of mutant viruses at the sanctuary sites.
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Table-3

Sample

Control
Nicotine 2.5 uM
Nicotine 10 uM
Morphine 3 pM

Morphine 10 uM

Induction of efflux transporters by morphine ard nicotine

MDRI1

1+1.1

0.68 =0.94
0.56 £0.71

1.77 £0.43

32+0.59

CYP3A4
1+1.15

0.49+0.24
0.56 +0.83

041+0.34

1.28 £0.37
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MRP2

1+1.26

0.61 £0.93
0.59+£0.39

1.51+£0.76

3.34+0.57

BCRP

1+0.77

4.00 +0.67
3.43 +0.81

4.33+0.82

4.87+0.19



CHAPTER-4
INFLUX TRANSPORTERS IN LUNGS: EXPRESSION OF FOLIC ACID
CARRIERS IN HUMAN BRONCHIAL EPITHELIAL CELL LINE,C  ALU-3

Rationale

Drugs can be delivered either via the pulmonaryeaday intratracheal instillation to treat
systemic diseases or via inhalation of aerosolidedgs to treat local respiratory
disease’s”. Mechanisms of drug delivery across bronchial aneaar epithelium have
been investigated over the years, but little isvkm@bout the mechanism underlying the
pathways regulating the transport of peptide ankhtdorelated compounds across
pulmonary epithelium. Also, role of these transeptin the biopharmaceutics of the
inhaled drugs is progressively being recognized. &mample, several anti-infectious
such as penicillin and cephalosporin antibioticivacagainst bacterial infections are
substrates for PEPT1/PEPT2 transporters. Alsotg@abstrates such as methotrexate are
substrates for folic acid transporters. Presencéhe$e transporters across pulmonary
epithelium can potentially affect the absorptiom afistribution of the drugs which are
substrates for these influx transporters. Moreoyaptide and folate prodrugs can
influence the kinetics of the pulmonary drugs. Bfere, the aim of this specific aim is to
determine the expression and functional activityfaic acid receptor/transporter and

peptide transporters in Calu-3, human bronchiahepal cell line, Calu-3in vitro.

68



Introduction

Folic acid transport is an importahygiological process that maintains the folic
acid homeostasis in the body. Folates are membetitamin B9 family. Folate and folic
acid are two forms of the same water soluble vitawhich occurs naturally in food such
as leafy vegetables and fruits. Folic acid playseasential role in cell growth and
differentiation, red blood cell production, proteimetabolism and several other
biochemical processEs Folates are essential cofactors for one carbmmdsubstrates
involved in nucleotide and methionine synth&SisSeveral therapeutic drugs such as
methotrexate, 5-fluorouracil, raltitrexed, pemeé&@xhave been targeted to interfere with
folate pathways and folate dependent enzymes ®trdatment of cancerous as well as
non-cancerous tissue§ Clinical studies have revealed that plasma levélfolate and
genetic polymorphisms in folate dependent enzymeten associated with increased
risk of cancer, heart disease, peripheral vasdligaase and demenitt& Previous studies
also demonstrated the protective role of dietariatéo on lung carcinogenebid
Mammalian cells cannot synthesize folic acid dea@and therefore rely on exogenous
nutritional sources for their metabolic requirenser8ince folates are highly hydrophilic
bivalent anions, they can only minimally navigateotigh the biological membranes by
simple diffusion process. Therefore, their inteization through mammalian cell
membranes must occur by means of a carrier mediptedess. Structurally and
functionally diverse carriers transport folic aeickoss epithelia and into systemic tissues.

Three major classes of folate transport mechaniarasreported for cellular entry of
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folates i.e., folate receptow,(p andy), folate transporter (reduced folate carrier 19 an
proton-coupled folate transporter (PCFT). RFC1, amimer of major facilitator
superfamily encodes for a sequence of 60 kDa pratbiereas folate receptors belong to
a family of 32-36 kDa membrane anchored glycopnst&”. RFC1 is a low affinity, high
capacity bidirectional transporter involved in telaiptake by many tissues like intestine,
pancreas and liver. Folate receptor alpha @& a high affinity, low capacity system
that has been utilized to target polymer basedesystand drugs to tumors that
overexpress high levels of this recepttr RFC1 has higher affinity for reduced folate
forms like methotrexate whereas folate receptor Hgbker affinity for folic acid than
reduced folate forms. Recently, Qiu et al identifiehuman proton coupled, high affinity
folate transporter (PCFT) in Hela, HepG2 and Cactels?’2 PCFT is a 50 kDa
electrogenic, proton coupled high affinity trandpothat mediates the translocation of
folates across the membranes. Prodrugs targetexdfigphigh affinity carriers have been
utilized for improving systemic concentrations alugs with low oral bioavailability.
Targeting specific carriers in the airway epitheliumay improve drug uptake and
delivery across pulmonary epithelial cells. Folicida conjugation has been used
successfully to deliver several macromolecules tluats small size, high affinity,
selectivity, availability and lack of immunogenigcitFolate conjugation has also been
employed for tumor targeted gene delivery in lun§®late targeted liposomes,
nanoparticles and dendrimers have several advantageissue specific targeting since

folic acid has higher affinity coupled with overegpsion of folate carriers in certain
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forms of tumors?®. Pulmonary delivery of various therapeutic subsgarfollowing local
and systemic administrations is of high clinicagrsficance and has widely been
investigated for a variety of respiratory diseasesh as asthma, pulmonary hypotension,

chronic obstructive pulmonary disease and cysim§is?

Conducting airway epithelium

Alveolar epithelium

Figure- 4.1 Airway and alveolar epithelium

Inhalation route has been succdgsfatlicated as a potential alternative to
parenteral administration of proteins and peptidoatic drugs due to advantages like
large surface area of lung (~70-1408)nrelatively permeable mucosa, and escape from
first pass metabolism, lower enzymatic activity amgher vascularization. Bronchial
epithelium is a major barrier to transport of macotecules as it restricts paracellular
diffusion (figure 4.1). However, little informatios known about the mechanism of folic
acid transport across the bronchial epithelium.réfoge, the objective of this study was

to investigate the presence of folate transpoitetsuman bronchial epithelial cell line,
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Calu-3 and to functionally characterize the rolefalic acid transporters across human
bronchial epithelium. Several cell lines (A549, 8| BEAS-2B and 16 HBE140-),
primary cultures (hAEpC) and isolated lung perfuasmodels have been established to
investigate pulmonary drug transport mechanismslu-Gacell line, derived from
bronchial epithelium, has been employed as a mtmtethe air way epithelium in a
number of drug transport and metabolism studiessé&ltells form polarized monolayers
with tight junctions producing high TEER values. ejhalso produce several cell
adhesion proteins (ZO-1 and E-cadherin) and mucssatetions™>. In vitro-in vivo
studies indicated a good correlation (0.94) betwmmeability characteristics of Calu-3
cells with that of rat lung?®®. Therefore, Calu-3 cell line was selected as aehoul

investigate the transport of folic acid across irespry epithelium.

Materials and Methods

Cell Culture

Calu-3 cell line, an airway epitheliuderived cell line from human lung
carcinoma was procured from ATCC. Calu-3 cells leetv passages 15-40 were
employed for all the studies. Cells were cultunedMEM-F12 (Dubelcco’s Minimum
Essential Medium) supplemented with 10% heat imat#d fetal bovine serum, non-
essential amino acids (NEAA), HEPES, sodium bicaab®, penicillin (100units/ml) and
streptomycin (100 pg/ml) were purchased from Sig@lemical Co. Cells were

maintained at 3C, in a humidified atmosphere of 5% ¢€énd 90% relative humidity.
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The medium was replaced every alternate day. Gelte subcultured with 0.25% trypsin

containing 0.537 mM EDTA and plated onto 12 wedltpk.

RT-PCR

Isolation of total RNA from cells wasrded out using Trizol-L reagent
according to manufacturer’s instructions. In bri€glu-3 cells grown in a culture flask
(75 cnf growth area) were lysed by adding 800 pl of Trizmzlgent. The lysate was then
transferred to Eppendorf tubes. RNA was extractethb phenol-CHGHisopropranolol
method and dissolved in 50 pl of RNase—DNase-fragemwRNA was mixed with 1.2
of oligo dTys primer to prepare the first strand cDNA. After damation, it was reverse
transcribed to cDNA using il (10 units) of Moloney Murine Leukemia Virus Reser
Transcriptase per reaction mixture. After the fsstnd cDNA synthesis, dl of cDNA
was used for PCR. The primers were designed byplification of cDNA was
performed using primers mentioned in Table-4. Byjethe PCR mixture has a final
volume of 50 pl and contains the relevant tempt&iBlA, 250 nM each of forward and
reverse primers for the gene of interest, 1X Mg fRCR buffer (Promega), 3.75 mM
MgCl,, 0.025U Taq Polymerase, and 200 uM dNTPs, Thenpaigise chain reaction
conditions of denaturation at 94°C for 2 min, feled by 30 cycles of 94°C for 30 sec,
50°C for 30 sec and 72°C for 45 sec with a findaeagion at 72°C for 10 min were used

for the studies. PCR products were separated byag&tose gel in tris-acetate-EDTA

73



buffer along with 100 bp ladd: Bands were visualized bghemilmager 8900 digit:

imaging.

Table-4 PCR primers for folic acid transporters and recepta

Gene NCBI no. Sequence (5'-3% Product
length (bp)
GAPDH  NM_002046.3 Forward : GICCACCACTGACACGITGG 729

Reverse : GGGAAGGTIGAAGGICGGAGT

AGAAC

RiC NM 1942551 Forward : GCICCTACCAGTICC
n

PCFT NM_080669.3 Forward :

Reverse : TCATGGCTGCAGCAT

CGIG 0Zi

i

ACANANTOOA A ACOOANOTT

CTCCACGICGGCTACTICGT 623

1A

Western Blot
Whole cell protein was extractwith reagent containing 3.2 mM Na2HPO4,

mM KH2PO4, 1.3 mM KCI, 135 mM NaCl, 1% Triton - 100 and protease inhibit
cocktail at pH 7.4. Confluent cells were washedcthivith PBS and harvested usin
cell scraper in 5 mL of PBS. The cell suspenswas centrifuged at 1500 rpm for

minutes and the pellet was resuspended in fresklygoed lysis buffer for 15 minutes
ice. The extracted protein was then obtained Ioyriéegation and stored ~-80°C, until
used. Protein content was determinedng Bradford method. Polyacrylamide ¢

electrophoresi$PAGE) was run with 25 and 5(g of each protein at 120 V, 250 mAn
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Transfer was carried out on polyvinylidene fluor{@/DF) membrane at 25V for 1 h 30
min, on ice. Immediately after transfer, the bloasablocked for 3 hours in freshly
prepared blocking buffer (2.5 % non-fat dry milkda@.25 % bovine serum albumin
prepared in TBST pH-8). After a light wash for Hx sthe blots were exposed to primary
antibodies overnight (dilution - 1:500 for PCFT4Q0 for FR-alpha, 1:300 for RFC)
Antibodies for PCFT and RFC were gifts from ProéesSylvia B. Smith whereas goat
polyclonal antibody for FR-alpha (SC-16386) was aoi#d from Santa Cruz
Biotechnology. The blots were then exposed for @00 secondary antibodies obtained
from Santa Cruz Biotechnology (1: 5000 for PCFT5@00 for FR-alpha, 1: 5000 for
RFC). The blots were finally washed three timeshwlitBST and developed using
SuperSignal West Pico chemiluminescence subsirateblots were exposed for 30 sec

after which the image was taken in Gel Doc Imager.

Uptake Studies

Uptake studies were conducted invéR plates with confluent cell monolayers.
At 11-14 days post seeding, the cells reached wendfly. Then, the medium was
removed and cells were rinsed three times, 5 moh @ath 2 ml of DPBS (pH 5.0, 129
mM NaCl, 2.5mM KCI, 7.4mM NaPQ, 1.3 mM KHPGO,, 1 mM CaCj, 0.7 mM
MgSO4 and 5.3 mM glucose) and equilibrated for 3autes with the buffer. All the
uptake experiments were carried out by incubatinfixed amount of JH]folic acid

(0.5uCi/ml, concentration-20 nM) at %7 with or without other test compounds. At the
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end, the test solutions were removed and uptakeepsowas stopped by adding ice cold
stop solution (210 mM KCI and 2 mM HEPES; pH 7 Aiter three washings with stop
solution, cells were lysed overnight in 1 ml of @.Triton-X solution in 0.3% NaOH.
Following overnight lysis, 500 upl cell lysate fromach well was transferred to
scintillation vials containing 5 ml of scintillatiococktail. Samples were analyzed by
liquid scintillation counter and the uptake valwesre normalized to the protein content
in each well. Amount of protein present in the dgate was measured by Bradford

reagent using bovine serum albumin as standard.

Time dependency: Time dependent uptake oH]folic acid was performed at different
time periods from 1 to 60 minutes. Cells were irated with fH]folic acid at different
time periods and the reaction was terminated byngdstop solution. In addition, time

dependent uptake ot]folic acid was carried out in presence of 10 pMthotrexate.

pH dependency: The effect of variation of incubation buffer pH wagamined on the
folic acid uptake. Incubation buffer was adjusted 30, 6.0, 7.4 and 8.0 for pH

dependence studies.

Concentration dependency: Stock solutions (5mg/ml) of unlabeled folic acid reve
prepared in DMSO (less than 2%v/v in water). D#f#r concentrations (0.01 pM-25

1M) of folic acid were then prepared by dilutingegdate quantities of stock solutions

76



with DPBS buffer. Then fixed amount o{]folic acid (0.5 pCi/ml) was spiked to the
different dilutions and uptake at different conecatibns was carried out according to

previously described procedures.

Sodium and chloride dependency: To determine the effect of Nand Clions, uptake of
folic acid was performed with sodium free and ciderfree DPBS buffer. Equimolar
guantities of Choline chloride and dibasic potassphosphate (BJHPO,) were used as
replacement for sodium chloride (NaCl) and dibasaxlium phosphate (NMdPQy)
respectively to obtain sodium free buffer. Chlorifkee buffer was prepared by
substituting with equimolar quantities of monobasicdium phosphate (NaPRQ,),
monobasic potassium phosphate ¢REy;) and calcium acetate in place of sodium

chloride (NaCl), potassium chloride (KCI) and catuichloride (CaG).

Temperature dependency: To determine whether uptake was temperature depgnde
cells were incubated witiH]folic acid for 15 minutes at 37°C, room temperatand

4°C.

Energy dependency: To investigate whether the transport of folic ad&l energy
dependent, 1 mM ouabain (NadK® -ATPase inhibitor) and 1 mM sodium azide
(metabolic inhibitor) were added. All the inhibisowere preincubated for one hour prior

to a study and uptake was conducted for 15 minutes.
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Substrate specificity: To examine specificity, uptake ofH]folic acid was examined in
the presence of 10 uM structurally related compeufanlabeled folic acid and
methotrexate). Uptake was also studied in the ppossef 1 mM unlabeled vitamins
(ascorbic acid, thiamine and nicotinic acid). Thesgeriments were conducted to
elucidate the structural properties of the subs$rae¢quired for interaction with the carrier

system.

Effect of membrane transport inhibitors and receptor inhibitors: Uptake of fH]folic acid
was carried out to investigate the presence ofcapter mediated process or an anion
exchange process on the apical side. Prior toritiation of an uptake experiment, the
cells were incubated for one hour with anion tramsmhibitors; probenecid (1 mM) and
amiloride (1 mM) as well as receptor mediated emtlis inhibitors; colchicine (10
M) and cytochalasin D (10 puM). After one hour tneent, uptake of*H]folic acid was

carried out for 15 minutes.

Effect of sulfasalazine and thiamine pyrophosphate on folic acid uptake: PCFT and RFC
mediated uptake of folic acid uptake was determimedCalu-3 cells following
preincubation with sulfasalazine (10 pM, 50 pM ad@0 pM) and thiamine
pyrophosphate (100 uM and 500 uM) for 1 hour. Fata uptake was determined for

15 minutes.
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Statistical Analysis
All results were expressed as meanahdsird deviation. Statistical analysis
between two groups of data was carried out usingeit’s t-test. A difference between

mean values was considered significant if the Resatas less than 0.05.

Results and Discussion

Carrier mediated transport of foliadacs ubiquitously present in mammalian
cells since folic acid is required for cellular [pi@ration, cell survival and tissue
regeneration. Pulmonary route for local and systediseases has been successfully
employed to deliver several macromolecules. Pulmonesidence time, the drawback
associated with pulmonary drug delivery may be mdled by selective drug targeting
with carriers. Studies involving the mechanism antttional aspects of folate uptake in
the respiratory tract may be useful for selectimggdargeting through prodrugs.

The present study investigates the presence afri@rcenediated system involved
in the regulation of folic acid transport acrosduca human bronchial epithelium cell
line. Calu-3 cell line has been validated as a bwita and transport model to study the
mechanisms of respiratory drug delivery at respisaepithelium. Calu-3 cell line has
been employed as a model based on its tight jumgtipermeability of low molecular
weight lipophilic compounds, expression of effluunmps and influx transporters and
metabolic enzymes. Calu-3 cell line is a well-esshled model and previous studies in

our laboratory have demonstrated transport of insand HIV protease inhibitors across
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Calu-3 cell$*’. Therefore, we selecteCalu-3cell line as a model cell line to investig;
the presencef a carrier mediated system for folic acid andi&ineate the mechanis

involved in the uptake of folic acid by bronchiglithelium.

RT-PCR for Folic acid Carriers

Resulting cDNA was used as a template for PCR imadPrimersspecific to
FR-alpha, RFCE and PCFT were designed for PCR. Amplified PCRIpcts obtaine:
were separated by 2% agarose gel electrophoredibards were visualized. As sho
in Figure 4.2 bands were detected at approximately and 729, 46d 625 bp or

GAPDH, FRalpha and PCFT respective

Figure 4.2 PCR for folic acid transporters and recepto. Molecular weight marker
(lane 1), GAPDH (lane 2), RFC (lane 4), F-a (lane 5) and PCFT (lane 6
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Western Blot Analysis

To further characterize the folatengaorters, Western blot analysis were carried
out to determine the protein expression of PCFTC RiAd FR-alpha. Studies revealed
specific bands at 65 KDa and 37 KDa for PCFT andakfRa respectively (Figure 4.3).
RFC was not expressed in the protein homogenataatetl from Calu-3 cell§i-actin

was used as a positive control. These resultslatetewell with the PCR results.

1 2
- h-—-l B'Actin

t——- sl FR-0L receptor

e — bl PCFT

Figure 4.3 Western blot for PCFT and FRe

Time Dependent Study of {H] Folic Acid

Uptake of*H] folic acid by Calu-3 cells was examined as acfion of time.
Uptake was found to be linear for up to 60 minwsslepicted in Figure 4.4. Therefore,
all the subsequent uptake studies were conductedld®/minutes. At 15 min, the uptake

of [*H]folic acid was 0.3 pmole/mg protein.
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Figure 4.4 Time dependent study ofH]folic acid
Uptake of [*H]Folic acid at Different pH

Uptake of°H]folic acid significantly decreased in Calu-3 seWhen the pH of
incubation buffer was increased from 5.00 to 8\0ptake was higher at pH-5 (0.030
+0.002 pmol/min/mg) relative to other pH valuesg(ie 4.5). At pH-7.4, uptake rate of
[*H]folic acid was found to be 0.0086 +0.0006 pmotifmig. Therefore, all further
studies were conducted at pH-5.00. This effect mdicate the presence of an inwardly
directed proton gradient being involved in the Wptaf folic acid. Folate transporter
which is effective at low pH was also found in humiat intestinal brush border

membrane vesiclé$® and human retinal pigmental cells (ARPE-1%)
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Figure 4.5 pH dependent study of’H]folic acid

Concentration Dependent Study of {H]Folic Acid

To determine the saturation kinetics, uptake ¥f]fplic acid was examined in the
presence of various concentrations (0.01 uM-10 pM)nlabeled folic acid. Unlabeled
folic acid significantly inhibited the uptake oH]folic acid. Uptake data was fitted to a
modified Michaelis-Menton equation and kinetic paeders for folic acid uptake were
determined by non-linear regression analysis ofddia. Apparent | and Vmax were
calculated to be 0.33 + 0.03uM and 22.04 = 0.000®Ipmin/mg protein respectively
(figure-4.6). This data is further supported bystdite specific inhibition of folic acid in
the presence of folate analogues like methotreXatevious studies demonstrated a Km
value of 1.4 uM for a carrier mediated transportem for folic acid across human

colonic epithelial cell line NCM46G*°.
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Figure 4.6 Kinetic parameters for folic acid upt&e
Effect of transmembrane ion gradient on the uptakéolic acid was investigated by
repeating the experiments in Na and Cl free mediline. absence of Naand Clin the

incubation buffer had no significant effect on tigake of folic acid (data not shown).

Energy Dependent Uptake of Folic Acid

To investigate whether transport of folic acid iergy dependent, 1 mM ouabain
(Na" /K" -ATPase inhibitor) and 1 mM sodium azide (metabaiizibitor) were added.
All inhibitors were preincubated for one hour priora study and uptake was conducted

over 15 minutes.
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Figure 4.7 Energy dependent study of*H]folic acid. Uptake of [*H]folic acid in the

presence of ouabain, 2,4 dinitrophenol and sodiunzale (1 mM). Values are mean:

of triplets with standard deviation indicated by eror bars. Asterisk (*) indicates a
significant (P< 0.05)

Substrate Specificity Sudy

To examine specificity, uptake cH]folic acid was examined in the presence
10 uM structurally related compoundunlabeledfolic acid and methotrexal. Uptake
was also studied in the presencel mM unlabeled vitaminsaécorbic aci, thiamine and
nicotinic acid) (figure4.8). These experiments were conducted to elucidateststal

properties of substratesquired for interaction with the carrier sem.
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Figure 4.8 Substrate specificity of *H]folic acid. Intracellular accumulation of
[*H]folic acid in the presence of folic acid, methotxate, ascorbic acid, thiamine an
nicotinic acid (10 uM). Values are means of triplet with standard deviation
indicated by error bars.
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Figure 4.9 Temperature dependent study o[3H]folic acid. Intracellular
accumulation of PHIfolic acid at different temperatures. Values aremeans of
triplets with standard deviation indicated by error bars. Asterisk (*) indicates a
significant (P< 0.05) difference from the mean control value usoStudent’s on¢
tailed t-test.
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Uptake of Folic Acid in Presence of Colchicine
In a separate experiment, possible role of receptediated endocytosis w
investigated by treatinGalL-3 cells with colchicine. As shown figure 410, colchicine

significantly reducedhe uptake of folic aci

140
120
100
80
60
40
20

Uptake as percent control

Control Col 10 uM Col 50 puM Col 100 pMm

Figure 4.10 Uptake of [*H]folic acid in presence of colchicinereceptor mediated
endocytosis inhibitor. Asterisk (*) indicates a significant P< 0.05) difference from
the mean control value using Student’s or-tailed t-test.

Uptake in the Rresence oAnion Exchange Inhibitors
To examine any possible involvement of an aniorharge mechanism for fola
uptake, known anion exchange inhibit such as SITS and DIDS were ad.

Preincubation of Calu-8ell monolayers with SITS (0.5 and 1 mM), DIDS (@ad 1
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mM caused significant inhibition (46.6% and 76.048spectively) in folic acid uptake

as illustrated in Figure 4.11.
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Figure 4.11 Uptake of {H]folic acid in presence of SITS and DIDS, anion @nsport
inhibitors. Asterisk (*) indicates a significant (°< 0.05) difference from the mean

control value using Student’s one-tailed-test.
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Uptake of Folic Acid in Presence of Sulfasalazinena Thiamine Pyrophosphate

Sulfasalazine and thiamine pyrophosphadre proven to be specific inhibitors of
PCFT and RFC respectively. To determine the inbiiteffect of sulfasalazine and
thiamine pyrophosphate on PCFT mediated uptakey-Balells were incubated with
increasing concentrations of sulfasalazine for boar. Uptake of JH]folic acid was
performed for 15 minutes at 37°C. Uptake was fotndecrease significantly by 89.7%,
63.4% and 22.9% for 10 uM, 50 uM and 100 uM respelgt as shown in figure 4.12.

These results further indicate the presence of P@édiated uptake in Calu-3 cells.

A)

120

100 A

P

80 - *

60 1

40

20 - ¥

Uptake (% of control)

Control SZ 10 uM SZ50 ym  SZ 100 uM

89



B)

60
40
20

160

140
§ 120
25 1% BpH 5

s p

gg 8 BpH-7.4
QO pR-7.
X
8
o
D

Control TPP 50 uM TPP 100 uM

Figure 4.12 Uptake of {H]folic acid in presence of A) Sulfasalazine and B)
Thiamine pyrophosphate

Functional Activity of Peptide Transporter

Several peptidomimetic antibiotics are frequentlyed for local drug therapy in
pulmonary infections. Glycylsarcosine, radioactsuéstrate of peptide transporter was
used as a model substrate to study the functianifitg in Calu-3 cells. Uptake of{C]
Gly-sar was performed at acidic pH 5.00. Uptakg @] Gly-sar was inhibited by 1 mM
cold Gly-sar, cefradine and cefadroxil indicatihg presence of peptide transporter at the
apical membrane of human bronchial epithelial ¢ellalu-3 (figure-4.13). Studies by

Gronberg et al also indicated the presence of geptansporter in lungs.
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Figure 4.13 Uptake of {H]Gly-sar in presence of peptide substrates

Effect of Nicotine on Peptide and Folic acid Transprter Activity

We wanted to investigate the effechiobtine on activity of influx transporters
peptide and folic acid transporter. Calu-3 cellsemeeated with nicotine for 11 days and
uptake of fH]Gly-sar and {H]folic acid was determinedAs shown in figure- 4.14 and
4.15, uptake of radioactive Gly-sar and folic acihs reduced significantly after
exposing Calu-3 cells to nicotine. This data inthdathat chronic nicotine treatment
inhibited the activity of influx transporter. Thidata conclude that there can be

involvement of inhibition of activity of influx &msporters in cells treated with nicotine.
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Figure 4.14 Uptake of [*H]Gly-sar after nicotine treatment in Calu-3 cells.
Intracellular accumulation of [*H] Gly- sar was measured by incubating LS180 cel
for 30 min without treatment (control) or treatment with nicotine (2.5 uM and 10
HMM). Values are means of triplets witkstandard deviation indicated by error bars.
Asterisk (*) indicates a significant P< 0.05) difference from the mea
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Figure 4.15 Uptake of [*H]folic acid after treatment with nicotine in Calu-3 cells
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Conclusions

In conclusion our results confirmédgk tmolecular identity of PCFT and FR-
alpha in human bronchial epithelial cell line, G8luAlso, we functionally characterized
the transport of folic acid mediated by PCFT acr@sfu-3, human bronchial epithelial
cell line. Our findings may offer new strategiestteat chronic pulmonary diseases by
designing folate linked compounds. Data from thisdg also revealed the effect of
nicotine on the activity of influx transporters pbiele and folic acid. Reduced Gly-sar and
folic acid uptake indicate that chronic nicotingpegure through cigarette smoking can
modulate the uptake of inhaled drugs in lungs. Matgeriments should be designed to
study the effect of chronic cigarette smoking oa #xpression and activity of influx

transporters in lungs.
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CHAPTER-5
TO STUDY THE ROLE OF EFFLUX TRANSPORTERS IN HUMAN
BRONCHIAL EPITHELIAL CELL LINE, CALU-3
Rationale

Efflux transporter proteins have the potential titically alter the systemic
exposure and bioavailability of the drug substraies therefore influence the modulation
the absorption and disposition of the drugs. Effliansporters have the ability to
recognize and transport a diverse range of endagersobstrates, xenobiotics and
pharmaceutically relevant drugs. Many efflux progsesuch as p-glycoprotein, MRP2,
BCRP and lung resistance proteins mediate the dnugi resistance of the
chemotherapeutic agents. Several inhaled drugsulrgtrates of efflux transporters and
hence their localization and activity influence thaivery of these drugs to the site of
their action (figure-5.1). Current studies aimnwgastigate the localization and activity of
these efflux transporters in lungs. Since, locatcemtration of the drugs is the most
important factor for the eradication of bacteriad anmruses, role of efflux transporters
across bronchial and alveolar epithelium needsetdhbroughly investigated. Calu-3, a
human bronchial epithelial cell line has been emgibas ann vitro model for efflux
studies. Therefore, overall aim of this chapter wamvestigate the molecular presence
and activity of the efflux transporters. Specifigab-glycoprotein and MRP mediated
activity of the model p-gp and MRP substrates wetamined. This research will give

insights in the preclinical development of pulmgndrugs.
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Introduction

Pulmonary route has been succeystiilized as an alternative route for the
systemic delivery of chemotherapeutic agents bath lécal delivery and systemic
delivery. Several efforts have been made to delitleese agents for systemic
administration as well as local conditions. In fgartar, inhaled insulin has been explored
extensively for the treatment of diabetes mellitugngs have a comparatively larger
surface area (70 Ththan other mucosal tissues such as nasal, buec#] and vaginal
routes. In addition, the lower thickness of theealar epithelium (0.1-0.5 pm), rich
vascularization, rapid absorption followed by ramidset of action, lower enzymatic
degradation and escape of first pass liver mefsiainakes it as an attractive route for
delivery of proteins. About 90% of the absorptiveface area of the lungs is due to the
alveoli. Alveolar epithelial with tight intercellat junctions form a major barrier for the
absorption of high molecular weight substances.|SBmalecular weight compounds less
than 40 kDa are absorbed by paracellular transpbdreas larger molecular weight
agents are absorbed by transcytosis. Previousesthdve shown that proteins that have a
molecular weight up to approximately 30 kDa haweakailability between 20-50%. The
lower bioavailability is due to the degradation pybteins by the proteolytic enzymes
present in the lungs. Penetration enhancers suchelstors, surfactants, bile salts and
fatty acids are often used to enhance the pulmoml&sorption. These penetration
enhancers might alter the integrity of the mucasambrane, inhibit the proteolytic

activity and affect the membrane lipids and prateimhaled particles get filtered and
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subsequently deposited on the airways due to psemye branching of the
tracheobronchial tree. These particles are thesrateby two mechanisms: mucociliary
clearance and alveolar macrophages. Mucocilianalasr results from the upward
movement of the mucus secretions (produced by tidegcells and mucus secreting
glands) by the cilia that beat at about 1000 to015€r minute. Mucus gets cleared at a
rate of 0.5 to 20 mm/minute towards the trachea #meh swallowed into the
gastrointestinal track. Inhaled toxic particles gleagocytosized by alveolar macrophages
present in the alveoli. Also, these macrophageseseseveral inflammatory mediators
such as interleukins, leukotrienes, granulocyt@mpistimulating factors and proteases
that degrade the proteins. However, to elicit prgystemic effect, the major challenge is
to develop formulations that can deliver the adrgsoticles to the deep lung. Particle
size and velocity are the two main factors thategowvthe deposition of particles to the
deep lung. For efficient deposition, the partickbsuld have mass median aerodynamic
diameter between 1 and 3 um. For targeted depodibidhe alveolar region, the mass
median aerodynamic diameter should not be more &ham. Aerosol particles with
diameter greater than 6 pum gets deposited in tbpharynx. Three major types of
devices have been used to deliver aerosol particléise lungs: metered dose inhalers,
nebulizers and dry powder inhalers. To controlrlease of drug from the administered
dose, proteins are encapsulated in particulatevetglisystems such as liposomes,
microparticles, nanoparticles and dendrimers. PEG;A, PLA and chitosan are most

commonly used for encapsulating the proteins. Tipedgmers improve the physical as
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well as chemical stability and protect the proteinlecules from loss of confirmation.
Exubera was the first approved inhaled formulabbmsulin developed by Pfizer for the
treatment of hyperglycemia in type 1 and 2 diabpétients. However, this product was
discontinued due to its potential to develop sifiects and its inability to deliver precise
insulin doses. AIR Insulin System (Eli Lilly), AERInsulin Diabetes Management
System (Novo Nordisk), Technosphere Insulin Sys{@tannkind) are some of the
delivery devices that are currently in phadHeelinical trials for the delivery of inhaled
insulin.

Efflux transporters play an importardgle in preventing accumulation of
potentially toxic xenobiotics in the lun§™. Gumbleton et al described the spatial

expression of the several efflux transporters mgr? (figure-5.1).
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Figure 5.1 Localization of efflux transporters inlungs
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Efflux pumps along with mucociliary clearance, @la& macrophages and bactericidal
surfactants act as a protective barrier in the durigecent studies have shown that
majority of the BCRP substrates were basic lipaplamines which readily accumulate
in lung tissue. P-glycoprotein has also been shtaviplay a role in the pulmonary
accumulation of fluoroquinolon&¥,

Also, efflux transporters such as P-gul #RPs have been attributed to drug
resistance in lung cancéts BCRP is also involved in efflux of various
chemotherapeutic agents employed in lung cancerchwhinclude mitoxantrone,
doxorubicin, topotecdr® and gefitinid*®. Elevated mRNA levels have been correlated
with resistance to these anticancer agents in¢anger. BCRP expression in lungs might
play a role in the disposition of drugs in candeermaotherapy. Therefore, our objective is
to identify and characterize the expression of B@RRuman bronchial epithelial cells.

Various cell lines were utilized to estigate the expression and modulation of
BCRP. Calu-3 cell line, derived from bronchial @giium, has been employed as a
model for the air way epithelium in a number ofglttansport and metabolism studies.
Several advantages of Calu-3 cell line in comparitm other models of the airway
epithelium, such as tracheal epithelial sheetsriongry tracheal cell cultures have been
reported. Calu-3 cells form polarized monolayershwiigh tight junctions producing
high TEER values. These cells express in vivo featwf the airway epithelium (cilia,
mucus production), several transport and metalsyistems relevant to drug absorption.

These cells also produce several cell adhesioreipot(ZO-1 and E-cadherin) and
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generate mucosal secretions.vitro-In vivo studies indicated good correlation (0.94)
between permeability properties of Calu-3 cellshwite rate of drug absorption from the
rat lung (figure-5.2). Previous investigations bthed the functional activity of various

efflux proteins belonging to ABC transporter sufsmily such as MDR2* and MRP-1

in Calu-3 cells. Therefore, Calu-3 cell line hasieselected as a model cell line to

investigate the BCRP expression and to estimatantgional activity.
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Figure 5.2 In vitro and In vivo correlation of permeability of Calu-3 cells

Materials and Methods
Materials
H]Ritonavir (3 Ci/mmol) was purchased from Moraveikchemicals (Brea,
CA, USA). Cells between passages 20-40 were usallfthe studies.
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Cell Culture

Cells were cultured in DMEM-F12 mediumpplemented with 10% heat
inactivated fetal bovine serum, MEM non-essentialird® acids, HEPES, sodium
bicarbonate, penicillin (100 pg/ml) and streptomy@@00 pg/ml). Cells were maintained
at 37C, in a humidified atmosphere of 5% €é&nd 90% relative humidity. Medium was
replaced every alternate day until 5 days and sulesdly every day until 11 days. Cells
were subcultured by trypsinization with 0.25% tiypsontaining 0.537 mM EDTA.
Uptake Studies

At 11-13 days post seeding, cells were rinsed ttinees with DPBS (pH 7.4, 129
mM NaCl, 2.5mM KCI, 7.4mM NgdPQ, 1.3 mM KHPQ,, 1 mM CaC}, 0.7 mM
MgSQO, and 5.3 mM glucose) and equilibrated for 15 misuteith the buffer.
[*H]Ritonavir was used as a model substrate to cheniae functional activity. Uptake
studies were performed by incubating a fixed ameigt5 pCi/ml of fH]ritonavir alone
and in the presence of P-gp and MRP inhibitors AC3 Following incubation, the
reaction was stopped by addition of ice cold swpton (210 mM KCI, 2 mM HEPES;
pH 7.4). After three washings with stop solutioe]lx were lysed by keeping them
overnight in 1 ml of 0.1% Triton-X solution in 0.3%aOH. Following overnight
incubation, 500 ul of the cell lysate from eachlweds transferred to scintillation vials
containing 5 ml of scintillation cocktail. Samplegre analyzed by liquid scintillation
counter and uptake was normalized to the protemerd in each well. Amount of protein

in the cell lysate was measured by the Bio-Radegmmatstimation kit with bovine serum
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albumin as standard. Functional activity was assky studying the uptake ofH]-

ritonavir in presence of various inhibitors.

Statistical Analysis

All results were expressed as mean idst@hdeviation. All the experiments were
done in triplicate. Statistical analysis between yrvoups of data was carried out with a
student’s t-test. A difference between mean valuas considered significant at the P-

value less than 0.05.

Discussion

Cellular drug resistance conferredniyitidrug resistance (MDR) proteins is a
major challenge in cancer chemotherapy. Tumor @alis acquire resistance to a single
drug or to a class of cytotoxic drugs or to a bragukctrum of structurally and
functionally diverse chemotherapeutic agents. Télilar mechanisms of MDR involve
reduced drug uptake, activation of DNA repair aredogification process, defective
apoptotic signals™® and most commonly, active transport of drugs outhe cells
mediated by efflux pumps™. P-glycoprotein (P-gp/ABCB1) has been widely

investigated as a MDR transporter for many years.
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MDR1 Inhibition Studies

To study the existence of p-glyatpin mediated efflux in Calu-3 cells, uptake
of ritonavir, a well-known p-gp substrate was exasdi. Intracellularaccumulation of
[*H]-Ritonavir in the presence and absence of p-dlnefnhibitors ketoconazole (25

MM, 50 uM and 100 pM) and quinidine (75 pM) wasidea in figure 5.3.
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Figure 5.3 Uptake of radioactive ritonavir in preence of ketoconazole and
quinidine
A 2.6 fold increase of intracellular ritonavir upgawas noticed in presence of 50 uM
ketoconazole when compared to control. Howevernetiveas an increase of 2.83 fold

uptake of ritonavir in presence of 75 uM quinidiaeknown p-gp inhibitor (figure-5.3).
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Ketoconazole inhibited the efflux mediated by pHg@a concentration dependent manner.
This data indicate the role of p-gp mediated efid>HIV protease inhibitor ritonavir in
Calu-3 cells.
MRP Expression in Calu-3 Cells

Cellular RNA was isolated and RT-PCR was performtmdietermine MRP2

expression in Calu-3 cells. Figure 5.4 demonstristB®2 mMRNA expression and a clear

band was noticed at 412 bp.

Figure 5.4 RT-PCR results for MRP2 expression in @lu-3 cells. Molecular weight
ladder (lane 1) and MRP2 (lane 2)
Uptake Studies

MK571, a leukotriene D4 antagonist is a specifigibitor of MRP mediated
transport active against MRP2, MRP1 and MRBftake of ritonavir was performed in
the presence of various concentrations of MK-5%4 .demonstrated in figure-5.5, MK-

571 inhibited the MRP2 mediated efflux of ritonawmirconcentration dependent manner.
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Uptake of ritonavir was increased significantly 526 fold with 75 uM MK571 which

confirmed the presence of MRP2 mediated transgaitomavir in Calu-3 cells.
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Figure 5.5 Uptake of fH] ritonavir in presence of MK-571. Intracellular
accumulation of PH] ritonavir was measured by incubating Calu-3 cel for 30 min
in the absence (control) or presence of MK571, MRRhibitor. Values are means of

guadruplicates with standard deviation indicated byerror bars. Asterisk (*)
indicates a significant P< 0.05) difference from the mean control value usm
Student’s one-tailedt-test.

Basolateral Uptake of fH]Ritonavir in Calu-3 Cells

To determine the MRP functional acyivian the basolateral side, basolateral
uptake studies were performed in presence of MRRibitors, MK-571 and
sulfinpyrazone. In these experiment$H][Ritonavir was added to the basolateral
chamber of a transwell and accumulation of radigaattonavir in the apical chamber

was analyzed.

104



Uptake (Percentage Control)

Control MK571 Sulfinpyrazone
50uM 1mM

Figure 5.6 Basolateral uptake of*H] ritonavir in presence of MK571 (50 pM) and
sulfinpyrazone (1 mM). Intracellular accumulation of [*H] ritonavir was measured
by incubating Calu-3 cells in the absence (contrphnd presence of MK571, MRP
inhibitor and sulfinpyrazone on the basolateral si@. Values are means of
guadruplicates with standard deviation indicated byerror bars. Asterisk (*)
indicates a significant P< 0.05) difference from the mean control value usm
Student’s one-tailedt-test.

As shown in figure-5.6, MK-571 inhibited the MRPlediated efflux by 1.5 fold
resulting in enhanced intracellular accumulation r@bnavir. Addition of 1 mM
sulfinpyrazone (MRP inhibitor) to the basolaterbamber caused inhibition of ritonavir

uptake by 1.45 fold when compared to control.
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Transport Studies of PH]Ritonavir

The amount of 3H]ritonavir transported after 180 minutes across @alu-3 monolayers
was higher in the basolateral-apical direction thpital-basolateral direction. Also, the
amount of fH]ritonavir transported enhanced in the presenceli§671, a known MRP
inhibitor. These results are also supported byupeke results that show the MRP2

mediated transport of ritonavir.

12
J ¢ A-B Ritonavir
10 B B-A Ritonavir u
& 8 1
(]
= g 6
3B 4 - i i
c o .
o , | §
¥ e 2 B
- = g & =
o5 0 n . : .
EQ 0 50 100 150 200
2 % Time (Minutes)
<5

Figure 5.7 A-B and B-A transport of PH]-Ritonavir in Calu-3 cells
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Figure 5.8 A-B and B-A transport of fH]-ritonavir in presence of MK-571 (50 puM)

Conclusions
This study demonstrates the presearod functional activity of MRP2 and
MRP1 in human bronchial epithelial cell line, C&luAlso, this study clearly indicates
that ritonavir is actively effluxed by p-glycoprateand MRP2 and there is possibility of
drug-drug interactionin vivo due to the localization of these efflux transparte

However, role of MRP2 on the absorption of inhadedgs needs to be investigated.
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CHAPTER-6
TO CHARACTERIZE THE MOLECULAR AND FUNCTIONAL ACTIVI  TY OF
BREAST CANCER RESISTANCE PROTEIN IN HUMAN BRONCHIAL
EPITHELIAL CELLS, CALU-3
Rationale

Breast cancer resistance protein (BCRP)7’2 kDa protein belongs to the
subfamily G of the human ATP binding cassette franer superfamily. Overexpression
of BCRP was found to play a major role in the depetent of resistance against various
chemotherapeutic agents. BCRP plays an importdatinoabsorption, distribution and
elimination of several therapeutic agents. BCRR&sgon and functional activity across
human bronchial epithelium and its impact on pulargrdrug accumulation has not been
established. Efflux transporters are believed tay phn important role in preventing
accumulation of potentially toxic xenobiotics inettung**%. Efflux pumps along with
mucociliary clearance, alveolar macrophages andebacidal surfactants act as a
protective barrier in the lungs. Recent studiesehstvown that majority of the BCRP
substrates were basic lipophilic amines which lgadccumulate in lung tissue. P-
glycoprotein has also been shown to play a modeo#&an the pulmonary accumulation
of amine drugs. Also, efflux transporters such agpRand MRPs have been attributed to
drug resistance in lung cancers. BCRP is also waeblin efflux of various
chemotherapeutic agents employed in lung cancerchwhinclude mitoxantrone,

doxorubicin, topotecaft™ and gefitinib**®. Elevated mRNA levels have been correlated
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with resistance to these anticancer agents in¢anger. BCRP expression in lungs might
play a role in the disposition of drugs in candeermotherapy. Therefore, our objective is

to identify and characterize the expression of B@RRuman bronchial epithelial cells.

Introduction
Breast cancer resistance protein (BICRas initially identified in a breast

cancer derived cell line that showed drug resigaen in the presence of verapamil (a
potent P-gp inhibitor}*°. This protein was termed BCRP as it was firstagad from a
human MCF-7 breast cancer cell line in an attenopelucidate non-P-glycoprotein
mechanisms of drug resistance. This efflux pump alss identified in a mitoxantrone-
resistant human colon carcinoma cell line S1-M1a86 hence gained the name MXR

BCRP/MXR is the second member of subfamily G of AdiRding cassette
(ABC) transporter superfamily. It is also refertedas ABCP (P stands for placenta), to
indicate high levels of expression in placentatues BCRP, MXR and ABCP are
homologous proteins differing only in one or two iam acid sequence. BCRP
structurally diverges from the other prominent AB@nsporters. BCRP is termed as half
transporter having only six transmembrane heliced anly one nucleotide binding
domain. With the help of low resolution crystallaghy, it has been shown that
functional BCRP has a homodimeric structtfré*:

BCRP is a high efficiency efflux pump with broadstrate specificity*’. BCRP

expression is maximum in placenta and significamtigh in the intestine and liver.
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BCRP expression in colon, brain, lungs, ovary aestis has also been report&d
Various categories of drugs such as tyrosine kinab#itors, antivirals, HMG-CoA
reductase inhibitors, carcinogens and flavonoidsehleen reported to be either
substrates and/or inhibitors of this transportetesy'* Studies with ABCG2 knockout
mice have revealed the physiological significantcthis efflux transporter across barriers
such as blood-brain, blood-testis and blood-fetatibrs . It plays a protective role
across these barriers by active efflux of xenobstpollutants, chemicals and toxins.
Various cell lines were utilized to investigate tvepression and modulation of
BCRP** 1% Calu-3 cell line, derived from bronchial epitheti, has been employed as a
model for the air way epithelium in a number ofgltutansport and metabolism studies
125,148 geveral advantages of Calu-3 cell line in consparito other models of the airway
epithelium, such as tracheal epithelial sheetsriongry tracheal cell cultures have been
reported. Calu-3 cells form polarized monolayershwiigh tight junctions producing
high TEER value$?®. These cells express in vivo features of the ajregithelium (cilia,
mucus production), several transport and metalsyistems relevant to drug absorption.
These cells also produce several cell adhesioreipt(ZO-1 and E-cadherin) and
generate mucosal secretidA3 In vitro-In vivo studies indicated good corretati(0.94)
between permeability properties of Calu-3 cellshwite rate of drug absorption from the
rat lung*?°. Previous investigations established the functiausivity of various efflux

proteins belonging to ABC transporter super famsilgh as MDRZ*" and MRP-1% in
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Calu-3 cells. Therefore, Calu-3 cell line has bestected as a model cell line to

investigate the BCRP expression and to estimatantgional activity.

Materials and Methods
Cell Culture
Calu-3 cells were cultured in DMEM-F12dium supplemented with 10% heat
inactivated fetal bovine serum, MEM non-essentialir® acids, HEPES, sodium
bicarbonate, penicillin (100 pg/ml) and streptomy@00 g/ml). Cells were maintained
at 37C, in a humidified atmosphere of 5% €é&nd 90% relative humidity. Medium was
replaced every alternate day until 5 days and sulesdly every day until 11 days. Cells

were subcultured by trypsinization with 0.25% tiypsontaining 0.537 mM EDTA.

RT-PCR

Isolation of total RNA from cells was carried ouithv Trizol-LS® reagent
(Invitrogen) according to manufacturer’s instruna8o RNA was mixed with 1.25l of
oligo dTys primer and denatured at°for 10 minutes and’@ for 5 minutes. Following
denaturation, it was reverse transcribed to cDN#&Wiul (10 units) ofMoloney Murine
Leukemia Virus Reverse Transcriptgé&romega, Madison, WI) per reaction mixture. After
the first strand cDNA synthesis, il of cDNA was used for the PCR. GAPDH and
ABCG2 primers as shown in table-1 were designesgusdligoPerfect™ Designer

(Invitrogen Corp. Carlsbad, CA). Briefly, the PCRixture was adjusted to a final
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volume of 50 pl and contained template cDNA, 250 edth of forward and reverse
primersfor the gene of interest, 1X Mg free PCR bufferofRega), 3.75 mM MgG|
0.025U Taq Polymerase (Promega), and 200 uM dNTIRs polymerase chain reaction
conditions consisted of denaturation at 94°C fami@, followed by 35 cycles of 94°C for
30 s, 55°C for 30 sec and 72°C for 1 min with alfiextension at 72°C for 10 min. Ten
microliters of PCR products obtained from PCR wsaparated by 2% agarose gel in tris-

acetate-EDTA buffer along with 100 bp ladder.

Table-5 PCR primers for GAPDH and ABCG2

Gene Primers (5'to 3) Product size (bp) GenBank No.

GAPDH GGGAAGGTGAAGGTCGGAGT 729 NM_002046
GTCCACCACTGACACGTTGG

ABCG2 GCTGCAAGGAAAGATCCAAG 508 NM_004827
TTCCTGAGGCCAATAAGGTG

Western Blot Analysis

Calu-3 cells grown in culture flasks were washethyhosphate-buffered saline
(PBS) three times for ten minutes each. Cells vgerapped and homogenized in lysis
buffer (PBS without calcium and magnesium, 1% Triko and protease inhibitor

cocktail). The lysate was kept on ice for 30 misué@d then homogenized. Cell lysate
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was then centrifuged at 20,000 rpm for 10 minute®’@. The supernatant was collected
and stored at -80°C until further use. Protein enhtwas measured with Bradford
reagent. Three concentrations (25 ug, 50 pg andgyof protein were employed for gel
electrophoresis. Protein samples were incubat@@@iC for 3 minutes and 15 pl sample
was loaded onto a 4-12% NuPage Bis-Tris gel. Edptinresis was carried out at 120V
and subsequently transblotted at 15V for 90 minue® a polyvinylidene fluoride
membrane. Blot was then blocked overnight with 38afat dry milk and 1.5% bovine
serum albumin. The membrane was incubated with BXPionoclonal antibody (1:200
dilution) for 2 hours at room temperature and tipeabed with secondary antibody
tagged with horse radish peroxidase. Bands weneaNeed with Chemilmager 8900

digital imaging system (Alpha Innotech, San Leanda).

Immunocytochemistry

Calu-3 cells grown on slides were usgdhese studies. Cells were washed with
cold PBS for 10 minutes thrice and then fixed wi% paraformaldehyde for 10 minutes.
Fixed cells were washed and then permeabilized @#thsaponin and incubated for 2
min at room temperature. Nonfat dry milk (3%) ammibe serum albumin (1.5%) were
used for blocking for 2 hours. Membrane was incetbatvith mouse monoclonal
antibody (BXP-21) for 2 hours. Following incubatiomth primary antibody, FITC
tagged secondary antibody was added to cells aodbated for 1 hour at room

temperature. For the negative control, slides witharimary antibody were employed.
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Mounting medium was then added to chamber slidésowt any air bubbles and then
stored at 4°C until further use. Slides were vigeal using a confocal fluorescence

microscope.

Uptake Studies

At 11-13 days post seeding, cells were rinsed thnees with DPBS (pH 7.4, 129
mM NaCl, 2.5mM KCI, 7.4mM NgdPQ, 1.3 mM KHPQ,, 1 mM CaC}, 0.7 mM
MgSQO, and 5.3 mM glucose) and equilibrated for 15 misutéth the buffer. 3H]-
Mitoxantrone (166 nM) was used as a BCRP substoatbaracterize functional activity.
Time dependent uptake oHJ-mitoxantrone was performed to determine the lration
time for all the studies. Uptake studies were pental by incubating a fixed amount of
0.5 pCi/ml of fH]-mitoxantrone alone and in the presence of BCRtbitors at 37C.
GF120918 (0.5, 1 and 5 uM), quercetin (50 uM) aagusavir (50 uM) were added as
BCRP inhibitors to determine the functional acywif BCRP. Following incubation, the
reaction was stopped by addition of ice cold swpton (210 mM KCI, 2 mM HEPES;
pH 7.4). After three washings with stop solutioe]lx were lysed by keeping them
overnight in 1 ml of 0.1% Triton-X solution in 0.3%aOH. Following overnight
incubation, 500 ul of the cell lysate from eachlweds transferred to scintillation vials
containing 5 ml of scintillation cocktail. Samplegre analyzed by liquid scintillation
counter and uptake was normalized to the protemerd in each well. Amount of protein

in the cell lysate was measured by the Bio-Radegmatstimation kit with bovine serum
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albumin as standard. Functional activity of BCR@wasessed by studying the uptake of

[*H]-mitoxantrone in the presence of 0.5, 1 and 5@K.20918.

Hoechst 33342 Accumulation and Cytotoxicity Studies

Hoechst 33342, a fluorescent substrate was addasisess the efflux mediated
by BCRP. Culture medium was first removed from 86ewell plates and washed with
DPBS buffer at pH-7.4. Concentration dependent mctation of Hoechst 33342 dye
was measured to determine the experimental coratemtrfor the remaining studies.
Cells were incubated with varying concentrationgdokchst 33342 dye ranging from 1
UM to 100 uM for 15 minutes. After 15 min inculoetj reaction was arrested with stop
solution (220 mM KCI and 2 mM HEPES; pH 7.4) anddg with 1 ml of lysis buffer
(0.1% Triton-X solution in 0.3% NaOH). Amount oftiacellular dye was measured with
a fluorescence spectrophotometer. Excitation ancssom filters were set at 370 and
450nm and the intracellular mean fluorescence wasalized to protein content. For the
remaining studies, cells were incubated with 5 pulkeéhst 33342 (100 ul) in DPBS
buffer with or without BCRP inhibitors GF120918 {81 and 10 uM) and fumitremorgin
C (1 uM and 5 pM). Similarly, ATP dependent accustioh study of Hoechst 33342
was performed in the presence of ouabain (1mM) 2nd, dinitrophenol (1 mM).
Cytotoxicity studies of Hoechst 33342 dye alone enthe presence of BCRP inhibitors
and ATP modulators was evaluated by M[BF(4,5-dimethylthiazol-2-yl)-2,5-diphenyl

tetrazolium bromidelassay. 10 % DMSO was selected as a positive cofdrothe
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cytotoxicity studies. Cytotoxicity tests were perfeed according to manufacturer’s

protocol.

Statistical Analysis

All results were expressed as mean adstal deviation. All the experiments were
done in triplicate. Statistical analysis between yvoups of data was carried out with a
student’s t-test. A difference between mean valuas considered significant at the P-
value less than 0.05.

Results and Discussion
Pulmonary delivery has been utilized administer several small molecule

drugs, as well as therapeutic peptides and prot&msall molecules delivered through
inhalation route have higher bioavailability duethe lack of first pass metabolism and
resistance to peptidases in the lungs. Lungs arstaotly exposed to harmful xenobiotics
and air borne toxin$*’. Therefore, the organ displays protective efflugcimnisms to
protect it from the external environment. Air-luagithelial barrier is the most significant
barrier to absorption for the inhaled drugs. Steidmave shown that p-glycoprotein
expressed in airway and bronchial epithelial cedsinvolved in the removal of
environmental xenobiotics and cytotoxic drugs itite lumen and blood. Earlier studies
from our lab have shown that p-glycoprotein lintite transport of anti-HIV protease
inhibitors across Calu-3 cells (Patel et al., 200@RP1 has also been shown to be

expressed on the basolateral side of the airwathedpim of the normal lung tissue.
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However, BCRP expression in bronchial epithelidiscand its impact on the kinetics of
inhaled drugs has not been investigated.

The present study provides the fixgtlence for the expression of BCRP across
air-lung epithelial barrier. Calu-3 cell line hasen validated as a metabolic and transport
model to study the mechanisms of drug deliveryeapiratory epithelium. Therefore, we
selected Calu-3 cell line as a model cell linenestigate the BCRP expression studies.
Previous studies have shown that Calu-3 cells éelithigher TEER values and stable
morphology between 11-13 days. Calu-3 cells groemlfl-13 days were used for the

functional activity studies.

Detection of ABCG2 mRNA Levels in Calu-3 Cells

RT-PCR was carried out to determime ABCG2 mRNA levels in Calu-3 cells.
RNA was extracted from Calu-3 cells grown in DMENMIZFmedium with 10% FBS
using trizol reagent. RT was performed using MMLV-Bnzyme and RNA was reverse
transcribed to cDNA. Resulting cDNA was used asnapiate for PCR reaction. Primers
specific to BCRP were designed using an Oligopedesigner. GAPDH was used as an
internal standard. Amplified PCR products obtaimezte separated by 2% agarose gel
electrophoresis and bands were visualized. With BGRecific primers, bands were
detected at 508 bp following gel electrophoresigyyfe 6.1). Band for GAPDH was

detected at 723 bp.
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Figure 6.1 PCR image for ABCG2

BCRP Protein Detection in Calu-3 Cells

Western blot was performed to study the expressioBCRP protein in Calu-3 cells.
BXP-21 a mouse monoclonal antibody raised agaimsh@ acids 271-396 of ABCG2
was used for the western blot. BXP-21 does notscreact with other efflux transporters
such as p-glycoprotein, MRP-2 and MRP-1. Westeoh\hs performed to determine the
expression of BCRP protein in Calu-3 cells. Proteémples were electrophoresed by
SDS-PAGE and transferred to a PVDF membrane. BXPadhoclonal antibody was
used to detect BCRP protein in Calu-3 cells. Late3 and 4 were loaded with 25, 50
and 75 pg protein extracted from Calu-3 cells. Fagh2 illustrates the bands detected by
chemiluminescence. Bands were observed at apprtedynd@2 kDa corresponding to

BCRP.
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Figure 6.2 Western blot analysis of breast canceesistance protein BXP-21
monoclonal antibody was used to detect BCRP proteiim Calu-3 cells. Lanes 2, 3
and 4 were loaded with 25, 50 and 75 ug protein eatted from Calu-3 cells.

Immunocytochemical Detection of BCRP

Figure 6.3 Confocal microscopy of breast cancer séstance protein
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BCRP expression was evaluated by immunocytochersiaaling with a BXP-21 mouse
monoclonal antibody. Calu-3 cells revealed strotagmpa membrane localization (Fig.

6.3). In addition, some cytoplasmic staining wa® abserved with the use of BXP-21.

Uptake Studies with Radioactive Mitoxantrone

Time dependent uptake was performeceterthine the uptake time for inhibition
studies. Uptake ofH]mitoxantrone was found to be linear for 30 mirsugs shown in
Figure 6.4. So, a 15 minute time period was seleftieall subsequent inhibition studies.
Uptake of PH]mitoxantrone gradually increased significantly ttwi increasing

concentrations of GF120918.
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Figure 6.4 Time dependent study of H]mitoxantrone
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As shown in Figure 6.5, uptake 6H]mitoxantrone was found to be 112 + 3.7%, 133 +
4.2%, 145 = 11.7% in the presence of 0.5, 1 andvb GF120918 respectively as
relative to control. Quercetin (50 uM) and Saquin&0 pM) enhanced the uptake of

mitoxantrone to 141 + 3.7%, 193 + 2.6% respectivedycompared to control (Figure

6.6).
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Figure 6.5 Concentration dependent study ofH]mitoxantrone
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Figure 6.6 Uptake of fH]mitoxantrone in presence of BCRP inhibitors
Hoechst 33342 Accumulation Studies

BCRP functional activity was evaluhtby measuring the accumulation of
Hoechst 33342 in Calu-3 cells. Concentration depehdccumulation of Hoechst 33342
was also performed to select the 5 UM experimecdalcentration. ABCG2 specific
inhibitors GF120918 and fumitremorgin C were saddor inhibition studies. As shown
in Fig. 6.8, Hoechst 33342 uptake was found to@®37 + 11.7%, 159.37 + 7%, 150.49
+ 6.5% and 164.34 + 7.23% as compared to contrtienpresence of 5 uM GF120918,
10 uM GF120918, 1 uM fumitremorgin C and 5 puM fuemborgin C. To study the
energy dependency of Hoechst 33342 dye, uptakieediuorescent dye was performed
in the presence of 1 mM ouabain (N&® -ATPase inhibitor) and 1 mM 2, 4-

dinitrophenol (intracellular ATP reducer).
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Figure 6.7 Concentration dependent study of Hoeslh 33342 dye
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Figure 6.8 Hoechst 33342 uptake in presence of f@ifent concentrations of
GF10218 and Fumitremorgin C
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Figure 6.9 Energy dependent uptake of Hoechst 333

In presence of ouabain and 2, 4-dinitrophenol, Heedye uptake enhanced significantly
(Figure 6.9). Uptake was found to be 156.43 + 1% &hd 175.68 + 8.5% respectively in

presence of 1 mM ouabain and 1 mM 2, 4-dinitropheno

Cytotoxicity Studies
In the course of our studies, to datee whether the Hoechst 33342 dye, BCRP
inhibitors and ATP modulators were cytotoxic to tbells, cytotoxicity studies were

performed with MTT assay kit. Hoechst 33342 anditingbitors were incubated with the
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cells under the same conditions as the accumulassay. Viability of Calu-3 cells was

found to be unaffected in the presence of BCRPitors and ATP modulators (6.10).
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Figure 6.10 Cytotoxicity in presence of BCRP inluitors

In our studies, radioactive mitoxantrone was used gubstrate to determine the
functional activity of BCRP. Mitoxantrone had besimown to possess a high affinity
substrate to BCRP and its accumulation correlatetl with BCRP expression. Drug
resistant cell lines that overexpress BCRP andliceds transfected with BCRP cDNA

were found to accumulate lower amounts of mitoxarer-*® Radioactive mitoxantrone
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has been used as a radiolabeled substrate for B@GRkhcubated for 1.5 hours, 2 hours
and 3 hours to determine the functional activitapd®active mitoxantrone was used
alone and in the presence of BCRP specific inhibitn these studies. Time dependent
uptake of mitoxantrone was performed to determime a@ptimal time of incubation.
Based on the results, 15 minute incubation wastegldfor all the experiments. Results
from the uptake studies reveal that uptake of naitdsone was increased in presence of
BCRP inhibitors GF120918, quercetin and saquina@iF120918 is a potent BCRP
inhibitor with an IC50 value of 50 nM. Fumitremangc is a more specific and potent
inhibitor for BCRP efflux pump than GF120918. MiBaeeous potent inhibitors such as

149 and protease inhibitors® were also used to confirm the BCRP inhibition.

flavanoids
Uptake increased significantly in the presence ©RB inhibitors indicating the presence
of functionally active BCRP. HIV protease inhibgowere found to be potent BCRP
inhibitors and maximum concentration of saquinaged for studies was 50 uM (Weiss
et al 2004). Zhang et al have shown that flavaa@ttongly inhibited the BCRP

mediated accumulation of mitoxantrone. Mechanisnintdraction between BCRP and
its substrates and inhibitors is very complex duthé presence of multiple binding sites
on BCRP. Also, ATP hydrolysis is one of the majagamanism by which the inhibitors

interact with BCRP. Flavanoids bind to the nucl@etbinding domain of BCRP whereas

mechanism of interaction between BCRP and HIV @sgeinhibitors is yet to be

understood completely.
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Litman et al correlated BCRP expression with reduaecumulation of several
fluorescent drugs such as mitoxantrone, daunombimsantrene, topotecan, lysotracker
and rhodamine 123 in BCRP overexpressing cellsp Rrgl Mrpl substrates were not
effluxed from BCRP overexpressing cells which iadéd the differentiation of BCRP
mediated drug resistance. Kim et al studied thétylof BCRP to efflux the fluorescent
dye, Hoechst 33342 in hematopoietic stem cellsoun studies, Hoechst 33342 dye
accumulation assay was performed to determine timetibnal activity of BCRP.
Hoechst 33342 was used at a concentration of 5 nMdhamvhen calculated was found to
be approximately 3 pug/ml. Previous studies by Saflaerg et al and Kim et al used
Hoechst 33342 dye at a concentration of 5 pg/mldapd/ml for BCRP mediated efflux
studies. Concentration dependent accumulationesuafi Hoechst 33342 varying from 1
UM to 100 uM were done to select the experimentaicentration within the linear
range. A concentration of 5 uM Hoechst 33342 dys selected for the fluorescent dye
accumulation studies. Hoechst 33342 dye accumulalevated significantly in presence
of BCRP inhibitors such as GF120918 and fumitrenmoi@. Fluorescent dye studies
with ouabain and 2, 4-dinitrophenol indicated tmergy dependent efflux of Hoechst
dye in Calu-3 cells. These results suggest thelwewoent of energy dependent efflux
process. MTT assay revealed the lack of toxicityHoechst 33342 alone and in the

presence of BCRP inhibitors and ATP modulatorsatue3 cells.
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Conclusions
In conclusion, our present study demonstratesHerfirst time the presence of BCRP
expression and functional activity across humamdin@l epithelial cell line, Calu-3.
Further studies are needed to delineate the rolBGRP on the pharmacokinetics of

inhaled drugs.
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CHAPTER-7
TO INVESTIGATE THE EFFECT OF CHRONIC NICOTINE EXPOS URE ON
THE LEVELS OF EFFLUX TRANSPORTERS AND METABOLIZING

ENZYMES IN CALU-3 CELLS AND RAT LUNGS

Rationale
Lung cancer and AIDS are the major causemorbidity all over the world.
Nicotine is one of the most profoundly used addectirugs in United States. According
to world health organization, cigarette smokingthe foremost preventable cause of
morbidity affecting almost one third of the gloh@pulation. Nonsmokers exposed to
tobacco smoke are at a similar risk as that ofght Ismoker. Also, conditions of the
adults with preexisting pulmonary conditions sushaliergies, chronic lung diseases and
other opportunistic life threatening infections argensified by cigarette smoking.
Previous research reports have shown that nicadifieked with tumor promotion and
resistance to therapy in lung cancer. There igdichinformation available about nicotine
mediated induction of chemoresistance and hence tha need to investigate the effect
of chronic nicotine exposure. In case of HIV infenf it is important to treat the
opportunistic infections and to monitor the clidie#ficacy of pulmonary drugs and HIV
protease inhibitors. Since, lungs are one of tivagoy sanctuary sites for HIV virus, this
chapter aims to explore the chronic effect of nimbn the levels of efflux transporters

and metabolizing enzymes (CYP3A4/CYP3A5) in vitmadarat lungs. Also, role of
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nuclear receptor PXR was investigated. RecentirelBeéhas shown that several protease
inhibitors are successfully used in combinationtrteat lung cancer. According to
research by National Cancer institute, nelfinagaquinavir and ritonavir inhibited
growth of lung cancer cells in vitro. Researchergestigated six different protease
inhibitors in 60 human cancer cell types and mouselels. Results have shown that
nelfinavir, ritonavir and saquinavir inhibited grtowof non-small cell lung cancer.
Interactions can be mediated by MDR1, MRP2 and BG#Rix transporters and
CYP3A4/CYP3A5 metabolizing enzymes expressed irgdurDrug interaction uptake
studies in Calu-3 cells (human bronchial cancelsy@h our laboratory demonstrated
functional activity of efflux transporters such BOR1 and BCRP in Calu-3 cells.
CYP3A4/CYP3A5 expression was identified and funaaio activity of cortisol was
established in Calu-3, rat lung and human lung osemes. In view of the above
observations, chronic nicotine exposure can plaigaificant role in induction of efflux
transporters and metabolizing enzymes resultingdring resistance and subsequent

therapeutic failure.

Introduction
Pulmonary drug delivery is a noninvasioute of drug delivery used for delivery
of locally acting compounds as well as for the commqs targeting blood circulation.
Pulmonary drug delivery is the ideal mode of delner rapid onset of action. Air borne

suspension of fine particles are delivery by deviseich as metered dose inhalers,
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nebulizing solutions and dry powder inhalants. Lisighe only organ that receives the
entire cardiac output. In order for the pulmonamygs to reach their target, drugs has to
cross the epithelial barrier in the lungs. Tracleea bronchial epithelium constitutes the
air way epithelium (Figure-7.1). Major cell typesufhd in the lungs are ciliated

columnar, goblet and basal cells. These ciliatddnopar cells are responsible for the
secretion of efflux proteins and also they havaghdr cytochrome P450 metabolizing

capacity.

Larynx

Trachea

Bronchus

Conducting Zone

Bronchi

A

Bronchioles . .
Respiratory Zone

Alveoli

Figure 7.1 Anatomy of lungs

Therapeutic management becomes difficult in treatnté diseases. Several protease
inhibitors are recently being investigated for thase in cancer therapy. Ritonavir,
saquinvir and nelfinavir inhibited growth of non-aincell lung cancer. HAART
therapy has been used for treatment of HIV infestioPatients are often treated for
opportunistic infections of the lung. Drug intefaos are often indicated for the

pulmonary therapies. Rifampicin accelerates theabwdism of HIV protease inhibitors
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resulting in sub therapeutic serum levels whereatease inhibitors slow the metabolism
of rifampicin leading to increased serum levels ayibtoxicity. Rate of smoking in HIV
population is 57% higher than in general popula(®8%). In addition, smoking is the
main risk for 87% of cases associated with lungeanNicotine readily diffuses through
skin, lungs and mucous membranes. It has a halfeifabout 60 minutes. Nicotine is
metabolized to cotinine and nicotine oxide by lungsus, the purpose of this study was
to investigate whether nicotine can induce the esgion of efflux transporters and

metabolic activity of CYP3A4.

Materials and Methods
Calu-3 Cell Culture
Calu-3 cell line, an airway epitheliuderived cell line from human lung

carcinoma was procured from ATCC. Calu-3 cells leeiv passages 15-40 were
employed for all the studies. Cells were culture®MEM-F12 supplemented with 10%
heat inactivated fetal bovine serum, non-esseatraho acids (NEAA), HEPES, sodium
bicarbonate, penicillin (100units/ml) and streptamy(100 pug/ml) were purchased from
Sigma Chemical Co. Cells were maintained &C37n a humidified atmosphere of 5%

CO, and 90% relative humidity. The medium was repla@esly alternate day.
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Preparation of Microsomes

Calu-3 cells grown for 11 days were heasthrice with phosphor buffered saline
and scraped with a cell scrapper. The cell suspangas centrifuged at 1000 g and the
pellet was suspended in cell homogenization bufi& mM Tris HCI buffer, pH-7.4,
0.25 M sucrose, 1 mM EDTA and protease inhibitazktail). The suspension was then
homogenized. Nuclear and mitochondrial fractionsenemoved after centrifuging the

samples at 3000 g for 10 min.

im- —

Centrifuge

Homogenize in 0.26M Filtered
sucrose, or break cells homogeonate
with high-frequency

sound (sonication)

(rib and (cytosol)
?1

and peroxisomes

Figure 7.2 Microsomes extraction procedure

Later mitochondrial fraction was discarded aftemtdgéuging the sample at 9000 g for 20
minutes. Supernatant obtained from the previous at@s centrifuged at 105,000 g for
one hour to obtain the microsomal pellet. Microsbpratein was stored at -89 for

further studies. Protein content of the microsom@s measured by adding Bradford
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reagent. Microsomes were extracted after treatirly micotine for seven days according

to the figure -7.2.

Western Blotting

Whole cell protein was extracted wigagent containing 3.2 mM Na2HPO4, 0.5
mM KH2PO4, 1.3 mM KCI, 135 mM NaCl, 1% Triton X 0Q and protease inhibitor
cocktail at pH 7.4. Confluent cells were washedcthwith PBS and harvested using a
cell scraper in 5 mL of PBS. The cell suspensios wantrifuged at 1500 rpm for 10
minutes and the pellet was resuspended in fresklyaoed lysis buffer for 15 minutes on
ice. The extracted protein was then obtained Io§riéegation and stored at -8D, until
used. Protein content was determined using Bradfomthod. Polyacrylamide gel
electrophoresis (PAGE) was run with 25 and 50 pgaah protein at 120 V, 250 mAmp.
Transfer was carried out on polyvinylidene fluor{@/DF) membrane at 25V for 1 h 30
min, on ice. Immediately after transfer, the bloasablocked for 3 hours in freshly
prepared blocking buffer (2.5 % non-fat dry milkda@.25 % bovine serum albumin
prepared in TBST pH-8). After a light wash for Hx sthe blots were exposed to primary
antibodies overnight. The blots were then exposed2fhours to secondary antibodies
obtained from Santa Cruz Biotechnology. The blogsexfinally washed three times with
TBST and developed using SuperSignal West Pico therimescence substrate. The

blots were exposed for 30 sec after which the invegetaken in Gel Doc Imager.
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Real Time PCR

RNA was extracted from the control and nicotineatieel lung tissues using Trizol
reagent (Invitrogen). All samples were normalizedltpg of total RNA. 1 pg of total
RNA was mixed with 1.25 pl oligo dT primer at 7G8¢c 10 minutes and then reverse
transcribed to cDNA using MMLV-reverse transcrigasnzyme. Real time PCR was
according to a standard protocol published by Ro&eal time PCR primers were
designed using oligo perfect designer. All the pmsnwere designed such that the
amplicons generated were between 100-200 bp longhdeease the efficiency of
simultaneous amplification of target and referegeres. Briefly, the PCR mixture has a
volume of 20 ul. SYBR green kit from Roche has 2Xaentration of PCR master mix
and PCR grade water. To this master mix, 250 n\ eaéorward and reverse primers of
gene of interest were added. The master mix wastthasferred to a multiwall plate. 5
o/l cDNA sample was added to this master mixrépg@re 20 pl of PCR sample. The
samples were then carefully centrifuged at 3006rg2fminutes. Samples were analyzed

and fluorescence was quantified.

Analysis

Samples for real time PCR were prepared in tripdicQuantitative values were obtained
above the threshold PCR cycle number (Ct) at whighincrease in signal associated
with an exponential growth for PCR products wereedied. The relative mRNA levels

in each sample were normalized according to theresgpn levels off-actin. An
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induction ratio(treated/untreated) was determinmednfthe relative expression levels of
the target gene using'?' (ACt =Ct target gene-Q¥-actin). The average of the real time

PCR measurements were used to calculate the méaction ratio for each gene.

Cortisol Metabolism Studies

Cortisol was used as a model substrate to study GN®3A4 mediated
metabolism. 6-hydroxy cortisol was obtained fromnsa. Briefly, microsomes isolated
using standard methods were used for the metabdtsiies. Fixed concentration of
microsomal protein (0.5 mg/ml) was used for thel&s. Microsomal protein solution
(100 mM phosphate buffer (KIRO, 100 mM and NgHPO,, 2H,O 100 mM) at pH 7.4)
containing 6 mM MgGl and 0.1 mM EDTA was incubated with NADP regenegti
system (8 mM G6P, 0.1 Ul/ml G6PD and 0.3 mM NADMor 5 minutes at 37 °c. were
in a final volume of 1 ml. After activation, 200Vucortisol was added to the above
mixture and incubated for 30 minutes. The reactieas stopped by adding 500 pl
methyl-tert-butyl ether. The sample was then vateand centrifuged at 10,000 g for 3
minutes. The upper layer was then separated ambratad. The residue was dissolved

in 200 pl mobile phase for further HPLC analysis.

HPLC Analysis of 6-hydroxycortisol
Analysis of 6-hydroxycortisol was performed accagito published protocol. All

samples will be analyzed by a reversed phase HBtlihtque. A @Luna column (250 x
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4.6mm; Phenomenex, Torrance, CA) was employedhiguantification of metabolites.
Mobile phase composed of 0.5 % w/v Ammonium phosph@nobasic and acetonitrile
(75:25 viv) was used to elute the samples. Floe vall be maintained at 0.8 mL/min

and detection wavelength set at 254 nm.

Rat Metabolism Studies

Human lung microsomes (10 mg/ml) obtained from senekand nonsmokers
were obtained from Xenotech LLC. Microsomes frommtcol and nicotine treated rats
were isolated from rat lungs. Microsomal proteim@entration was obtained by Bradford

reagent. Metabolism studies were performed accgridirthe above mentioned protocol.

Oral Rat Studies

Male Sprague-Dawley rats weighing 200-300 g werkzedtl for these studies.
Rats were fasted overnight before treating thenh wintrol or drug solution. Nicotine
solution (5 mg/kg in 0.8 ml sterile saline) was auistered by oral gavage twice a day
for 5 days. After five days of exposure to nicotitissues were isolated and stored at -
80°c for further use.

Results and Discussion

Majority of the inhaled toxicants pabsough the respiratory tract, exposing

pulmonary epithelium to higher concentrations thwaer cells. Higher concentrations can

contribute to significant metabolism in lungs. hetsame way, higher concentrations of
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tobacco smoke can modulate the metabolism of CYAymees. Several CYP enzymes
are expressed in the lungs of mammals, but studi¢keir modulation are very limited.
Role of pulmonary metabolism in tlystemic clearance of the xeniobiotics has
not been well studied. Total cardiac output readheslungs and therefore, systemic
drugs can be metabolized in lungs. Pulmonary aéreepithelium has a larger surface
area and inhaled drugs are exposed to pulmonarymes® resulting in significant

metabolism. Expression of PXR and CAR was detectédiman lungs

Expression of CYP3A4 and PXR mRNA expression

RT-PCR was performéal determine the mRNA expression in Calu-3 celis, r
lungs and normal lungs. Analysis showed that CYP3&4 expressed in all the three
tissues, Calu-3, rat lungs and human lungs at $0(Flgure-7.3). Strong expression of
CYP3A4 was observed in human lung tissue when cozdpto Calu-3 cells and rat

lungs.

500 bp —

Lane-1 - Molecular wt Marker.
Lane-2 - Calu-3

Lane-3 - Rat lung

Lane-4 - Human lung

Figure 7.3 CYP3A4 mRNA expression in Calu-3 cellsat lungs and human lungs
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Nuclear Receptor Expression in Calu-3 Cells

PXR expression was confirmed in CalceBs. PCR products obtained by using
specific primers were detected at 320 bp (Figud@-7n another set of experiments,
PXR, CAR and RXR expression was analyzed. Restdts this experiment indicated
the presence of PXR and RXR mRNA in Calu-3 cellBRGxpression was not detected

in our experiment (figure-7.5).

v'Lane-1- Molecular wt marker
v'Lane-2- Calu-3

Figure 7.4 PXR expression in Calu-3 cells
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v’ Lane-1- Molecular wt marker
v’ Lane-2- PXR
v’ Lane-3- CAR
v’ Lane-4- RXR

Figure 7.5 Nuclear receptors (PXR, CAR and RXR) rRNA expression in Calu-3
cells

Semi quantitative PCR was performed to quantify GX# mRNA levels in nicotine and
rifampicin treated Calu-3 cells. Since we were alole to quantify by this method, real

time PCR was later performed to study the indudiigmels (figure-7.6).

v'Lane-1- Molecular weight marker
v'Lane-2, 3,4 - GAPDH -Control, Nicotine (2.5 pM), Rifampicin (15 pM)
v'Lane-5,6,7- CYP3Ad4-Control, Nicotine (2.5 uM), Rifampicin (15 uM)

Figure 7.6 Semi quantitative RT-PCR analysis of CP3A4 mRNA expression in
Calu-3 cells after treatment with nicotine and rifanpicin

140



CYP3A4 Protein Expression

Western blot analysis indicated enkdn€YP3A4/CYP3A5 expression in rat
lungs when compared to Calu-3 cells. Furthermomeng CYP3A4/CYP3A5 protein
expression was observed in nicotine treated lungasomes. These results indicate

induction of CYP3A4/CYP3AS5 protein expression atteatment with nicotine.

4

1 2 3
. B —

Lane-1- Rat lung microsomes

Lane-2- Nicotine treated rat lung microsomes
Lane-3- Humanlung microsomes

Lane-4- Human lung microsomes from smokers

Lane-1- Calu-3
Lane-2- Rat lung microsomes

Figure 7.7 Immunoblot for CYP3A4 expression in Chu-3 cells

Real Time PCR Studies to Quantify MDR1 and ABCG2 mRIA

Calu-3 cells exposed to nicotine f& Rours were used for real time PCR
studies. MDR1 mRNA levels enhanced significantlyewlCalu-3 cells were exposed to
nicotine. Both the nicotine concentrations (2.5 aMl 10 uM) had significant induced
MRNA levels by 2 to 3 fold approximately when comgmhto control (figure-7.8).

ABCG2 mRNA levels were enhanced by 2 fold when carag to control (figure-7.9).
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Rifampicin, a positive control for MDR1 and CYP3Adduction also showed tf
induction in Calu3 cells. Higher concentrations of nicotine enhan€dP3A4 anc

CYP3A5 mRNAlevels (figure-7.10).

Fold Induction

Control N1 N2 Rifampicin

Figure 7.8 Quantfication of MDR1 mRNA protein expression inCalu-3 cells (N1

and N2 indicates 2.5 uM anc10 uM for nicotine respectively, 25 pM for
rifampicin) (* indicates significant difference compared to conbl; p<0.05,
n=3xS.D)

A significant correlatio between the expression of resistance genes, treb

failure and a decrease in overall survival has bdearly demonstrated in lung can:
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paients, supporting the implication of efflux transi@w gene: Previous studies show:
that vinca alkaloidsral taxanes, known MDR1 substrates upregula-gp expression
when lung cancer cell lines were exposed to vitingsIn vivo lung cancer xenogra
models showed that cytotoxic drugs can induce desgstance mediated by MDR1 a
MRP genes. This inducin explained treatment failure in nemall cell lung cance

patients.

v

Relative Fold Induction
¥*

Control N1 N2 M1 M2 Rf

Figure 7.9 Quantification of ABCG2 mRNA expression inCalu-3 cells(N1 and N2
indicates 2.5 uM and1C uM for nicotine; M1 and M2 indicates 3 uM and10 um
for morphine; Rf indicates 25 uM for rifampicin) (* indicates significant difference
compared to control; p<0.05,n =3 £ S.D)
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ACYP3A4
BCYP3A5

Fold Induction

Control N1 N2 RF
Figure 7.10 Quantification of CYP3A4 and CYP3A5 mRNA protein expression in
Calu-3 cells. (N1 and N2 indicates 2.5 pM antiO uM for nicotine, RF indicates 25

uM for rifampicin)  (* indicates significant difference compared to antrol; p<0.05,
n=3xS.D)

PXR Induction in Calu-3 Cells
PXR mRNA was quantified in nicotine treated Caloels. As shown in figure

7.11, PXR mRNA levels were enhanced by 4 and Ibredpectively with nicotine 2.5

UM and10 puM concentrations.
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Control Nicotine 2.5 uM Nicotine 10 uM

Figure-7.11 PXR quantification in Calu-3 cells

Cortisol Metabolism Studies

The B-hydroxylation of cortisol was used as a control ihwestigate the
CYP3A4/A5 activity. Increased amount of metabofipehydroxycortisone was observed
in nicotine treated rat lung microsomes. Concelatnadf 63-hydroxycortisone was found
to be 1.55 + 0.16 nmoles/min.mg protein whereaseotmation of 8-hydroxycortisone
was found to be 3.93 = 0.61 nmoles/min.mg proteinnicotine treated rat lung
microsomes. CYP3A4 mediated metabolism activity Wamd to be significantly higher
in smokers when compared with nonsmokers (figui&)7. Human lung microsomes
obtained from smokers (2.67+£0.43 nmoles/min.mggndtshowed higher activity than
lung microsomes obtained from nonsmokers (0.78 36 amoles/min.mg protein)

(figure-7.14).
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Figure 7.12 Rate of g-hydroxycortisone metabolite formation from cortisd in rat
lung, human lung and human intestine microsomes
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Figure 7.13 Rate of @-hydroxycortisone metabolite formation from cortisd in
microsomes obtained from non-smokers and smokers
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Therefore, these results clearly suggested upregalaf CYP3A4 mRNA and protein
expression after treatment with nicotine. This gpiation was further confirmed by
enhanced CYP3A4 activity. However, more studiesshawe performed to delineate the
difference in CYP3A4 and CYP3AS5 activity and ex@iesa. Although, both CYP3A4
and CYP3AS5 isoenzymes have same substrate spggitivey have different km values
for substrates. To elucidate the mechanism andolatgebetween CYP3A4 and CYP3A5,
expression and induction of gene regulatory elemémt these isoenzymes need to be

studied.
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Figure 7.14 Rate of g-hydroxycortisone metabolite formation from cortisd in rat
lung microsomes from control rats and nicotine tre¢ed rat lungs
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Conclusions
Upregulation of MDR1, ABCG2 and CYAR2BA5 mRNA levels was observed
after exposing cells to nicotine. This may sugdglestpossibility of modulation of efflux
transporters and metabolizing enzymes by inhaledokéotics. Cigarette smoking can
alter the permeability and metabolism of inhaleggdrand thereby, reduce their efficacy.
Furthermore, nuclear receptor PXR activation byt can play a significant role in

the induction of metabolism in lungs.
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Chapter-8
SUMMARY AND RECOMMENDATIONS
Summary
The objective of this study was to evaluate theafbf chronic treatment with
morphine and nicotine on the expression of effltengporters (MDR1, MRP2 and
BCRP) and metabolizing enzymes (CYP3A4) in LS18@c&2 and HepG2 cells.
Furthermore, the chronic effect of morphine andotie on the intracellular
accumulation of model HIV protease inhibitors wasedmined.

In the third chapter, RT-PCR and Wastblot studies were performed to
guantify the expression of efflux transporters.f&iéntial induction of MDR1, MRP2
and ABCG2 mRNA levels was observed when LS180 ameb€ cells were exposed to
morphine and nicotine. Intracellular accumulatidntlte model radioactive substrates
was reduced following treatment. Morphine and niedtinduced signaling of efflux
transporter gene expression can act as significamiulators of efflux function.
Morphine and nicotine activation of PXR can expldime induction of these efflux
transporters and metabolizing enzymes. Due to titreareced efflux transporter and
CYP3A4 gene expression observed after the chramatrhent with morphine and
nicotine, there could be potential drug-drug intéicns with HIV protease inhibitors that
are substrates for the efflux transporters and @inatmetabolized via CYP3A4. There

could be alternate pathways involved in the failoirelinical HIV therapy based on these
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results. Regular monitoring of plasma concentratioh HIV protease inhibitors are
recommended in chronic nicotine and morphine alsuser

Since nicotine is smoked throughgs, chronic effect of nicotine on the
expression and activity of efflux transporters reetm be investigated. Lungs are one of
the primary sanctuary sites for HIV viruses andapmistic infections of the lungs are
most commonly prevalent infections associated Withi. Pulmonary drugs are widely
prescribed along with anti HIV agents and these linations can result in drug-drug
interactions resulting in therapeutic failure. Tdes limited information known about the
expression and functional activity of influx andlet transporters in lungs

In the fourth chapter, expression aradivily of folic acid carriers was

investigated in human bronchial epithelial celkliCalu-3. Our studies demonstrated the
expression and functional activity of PCFT and &Receptor in Calu-3 cells. Also, the
folic acid carriers were characterized and thencfional activity was determined by
employing fH] folic acid.

In the fifth chapter, efflux transey MRP2 expression in Calu-3 cells was
studied in Calu-3 cells. RT-PCR studies demongstirtie presence of MRP2 expression
in Calu-3 cells. Model MRP2 substrates and HIV gase inhibitor 3H]ritonavir was
utilized to determine the functional activity of NPR. Apical to basolateral and
basolateral to apical transport studies confirnmedpresence of MRP2 mediated efflux of

ritonavir.
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In the sixth chapter, BCRP wasniified and characterized in Calu-3 cells.
Uptake studies were performed using model substriie BCRP, mitoxantrone and
Hoechst 33342 dye.

In the seventh chapter, chragfiect of nicotine on MDR1, CYP3A4 and
ABCG2 expression levels was studied after trea@agji-3 cells with nicotine. Nicotine
induced MDR1, CYP3A4 and ABCG2 mRNA levels follogitreatment. Furthermore,
nicotine induced cortisol metabolism in lung mi@oees obtained from rats treated with
nicotine when compared to control rats. Most of itlealed compounds have a longer
retention time resulting in significant contributido efflux and CYP3A4 metabolism.
Modulation of efflux transporters and CYP3A4 metigdho can play an important role in
the absorption of inhaled rugs. These results caigcthat chronic nicotine exposure can
alter the disposition of inhaled drugs and there ssibility of occurrence of drug-drug

interactions in clinical setting.
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Recommendations

Finding a better inexpensiv@ vitro drug interaction model is essential to study the

mechanisms of drug-drug interactions mediated Hyefransporters and metabolizing

enzymes. New drug entities are often screenedhfgr potential to interact with efflux

transporters and metabolizing enzymes. There iskaous need to study the role of

efflux transporters and metabolizing enzymes tal#sth their role in disposition of anti

HIV drugs. There is a need to study the role ofoolr nicotine treatment on the

pulmonary drug absorption for local and systemitioac This information could be

extremely valuable in the preclinical predictiondofig absorption at the target of action.

X/
L X4

Evidence of transporter mediated drug dispositioriungsin vivo needs to be
investigated. There are no adequatevitro and in vivo studies currently
available to study the contribution of efflux traosters in lungs. Also, the lack
of properin vivo model and complexity of the currantvivo models pose several
drawbacks in predicting the pulmonary bioavailapili

Contribution of nicotine to the disposition of inéd drugs needs to be studied
vivo because of stronger induction effect of nicotineefflux transporters.

More studies are to be designed to help us unaerdteein vivo modulation of
efflux transporters in lungs and their contributimnphysiology of pulmonary
diseases.

Induction results confirmed the role of PXR in MDRhd CYP3A4 mediated

induction. However, expression and activation offRCAryl hydrocarbon receptor
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(AhR) needs to be investigated. Further, computekithg studies and functional
activation assay of AhR can give a better undedstan of higher BCRP

induction by morphine and nicotine.

Mechanism of drug interactions between drugs ofsaband HIV protease
inhibitors should be studied in clinical settingslaole of efflux transporters and
nuclear receptors should be investigated.

Finally, more studies should be designed to sthéyrelation between induction
of efflux transporters and nuclear receptors arar tbontribution to anti HIV

drug resistance.
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